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C hromophore-assisted laser inactivation (CALI)
allows the functional analysis of a protein of in-
terest inside live cells with high spatial and tem-

poral resolution (1). At the same time it avoids disadvan-
tages of other protein inactivation techniques, such as
gene knockout or RNA interference, that suffer from ge-
netic compensation and low time resolution as the ef-
fect of loss depends on the lifetime of the protein (2). For
CALI and photodynamic therapy, photosensitizers are
used that have a high quantum yield in reactive oxygen
species (ROS) production upon intense light illumina-
tion at appropriate wavelengths. At low concentrations,
ROS only oxidize proteins in their direct neighborhood,
but at higher levels they are able to kill the cell (3).

Fluorescein has been the most widely used photosen-
sitizer so far, and the relevant photochemical reactions
that lead to protein inactivation have been analyzed in
detail (4). Fluorescein has a high quantum yield for pro-
duction of singlet oxygen that has been shown to be the
reactive species damaging the target protein via pho-
tooxidation of methionine residues and cross-linking
(5). Fluorescein proves to be 50 times more potent than
malachite green, which was the first dye used for CALI
(6). Singlet oxygen has a half-radius of photodamage
of approximately 3�4 nm (7). As the average protein�

protein interaction distance inside a cell is �8 nm (8),
the photosensitized protein is the primary target, but un-
specific photodamage in the direct neighborhood al-
ways has to be controlled for in the case of fluorescein
(9) as well as of other photosensitizers. Targeted to the
protein of interest via specific, non-function-blocking an-
tibodies, fluorescein has been used for high-throughput
CALI set-ups (10). However, the technical difficulties as-

*Corresponding author,
jan.ellenberg@embl.de.

Received for review October 8, 2008
and accepted January 9, 2009.

Published online February 3, 2009

10.1021/cb800298u CCC: $40.75

© 2009 American Chemical Society

ABSTRACT Chromophore-assisted laser inactivation (CALI) can help to unravel
localized activities of target proteins at defined times and locations within living
cells. Covalent SNAP-tag labeling of fusion proteins with fluorophores such as fluo-
rescein is a fast and highly specific tool to attach the photosensitizer to its target
protein in vivo for selective inactivation of the fusion protein. Here, we demonstrate
the effectiveness and specificity of SNAP-tag-based CALI by acute inactivation of
�-tubulin and �-tubulin SNAP-tag fusions during live imaging assays of cell divi-
sion. Singlet oxygen is confirmed as the reactive oxygen species that leads to loss
of fusion protein function. The major advantage of SNAP-tag CALI is the ease, reli-
ability, and high flexibility in labeling: the genetically encoded protein tag can be
covalently labeled with various dyes matching the experimental requirements. This
makes SNAP-tag CALI a very useful tool for rapid inactivation of tagged proteins
in living cells.
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sociated with antibody-based CALI (injection of the anti-
body into the cell, specific binding to the target pro-
tein, risk of interference with the protein function upon
antibody binding) have so far prevented a wide use of
this in principle very attractive method. More robust
techniques to target the photosensitizer dye to the pro-
tein of interest would therefore be very advantageous.

During the past decade new techniques were devel-
oped to add functionalities to proteins in vitro as well as
in vivo that are not genetically encoded by the protein.
The covalent and non-covalent binding of chemical com-
pounds to peptide tags and fusion proteins opens mani-
fold possibilities to characterize a protein of interest,
influence its functionality, or simply purify it. Some
prominent examples are the biarsenical-tetracysteine
system, the Halo-Tag, and the �-galactosidase-, ACP-,
CLIP-, or SNAP-tag labeling approaches (11−17). The
most important parameters for all of these techniques
are high labeling efficiency and specificity. The flexibil-
ity of labeling the same fusion construct with a variety of
chemical compounds is a valuable advantage in com-
parison to purely genetically encoded tags such as fluo-
rescent proteins. Once generated, the same fusion pro-
tein can be used for multiple types of experiments such
as fluorescence microscopy applications, protein purifi-
cation, or protein�protein interaction analysis, simply
by varying the chemical compound that is bound to the
tag.

A potential application of all of these techniques is
the inactivation of the target protein labeled with a syn-
thetic photosensitizer by CALI. The biarsenical-tetra-
cysteine labeling system allows the specific binding of
FlAsH-EDT2, a derivative of fluorescein, to a short pep-
tide motif containing four cysteine residues that can be
genetically fused to a protein of interest. When used for
CALI, this approach was shown to inactivate synaptotag-
min I and connexin-43 (18, 19). A second synthetic flu-
orophore binding to the tetracysteine motif is the so-
called ReAsH (19). It has the advantage of an excitation
maximum at a longer wavelength of 593 nm at which
natural chromophores inside cells show less absorption
than in the blue-light range. It is also a more potent pho-
tosensitizer than fluorescein, and the risk of unspecific
photodamage is decreased due to lower illumination en-
ergies. However, this labeling technique was reported
to show limitations in sensitivity and completeness of
labeling, and the unspecific binding of biarsenical dyes
to cysteines in endogenous proteins and the resulting

high cytotoxicity have repeatedly been criticized
(20−22) and require the addition of a competing dithiol
reagent to decrease unspecific binding.

Lee et al. (23) recently reported a promising CALI ap-
proach based on the Halo-Tag labeled with Ru(II) tris(bi-
pyridyl) dication, an efficient photocatalyst for singlet
oxygen generation. However, more CALI experiments
with specific inactivation in subcellular compartments
need to be performed to evaluate the temporal and spa-
tial resolution and specificity of this photosensitizer in-
side cells.

Furthermore, CALI has been developed based on ge-
netically encoded photosensitizers that do not need any
addition of external fluorophores, such as the autofluo-
rescent proteins EGFP and Killerred (24−26). EGFP has
been shown to inactivate �-actinin and focal adhesion
kinase, but in comparison to fluorescein its CALI effi-
ciency is much lower and in quantitative experiments it
could only inactivate 40% of the target protein (24). The
required light energies with EGFP are therefore in a
range where unspecific photodamage to the cell can be-
come an issue. To increase the efficiency of this ap-
proach, it has recently been combined with simulta-
neous knockdown of the unlabeled endogenous protein
(26).

The dimeric protein Killerred shows its excitation
maximum at 585 nm, combining the advantages of
longer wavelength excitation and being a completely ge-
netically encoded photosensitizer with a high quantum
yield of singlet oxygen production (25). However like
many multimeric fluorescent proteins, Killerred can in-
duce the dimerization of its fusion partners, and there-
fore the use in CALI is limited until a monomeric variant
is developed.

Here, we establish SNAP-tag labeling (originally de-
scribed as labeling of AGT fusion proteins (15)) for CALI
in living cells. The SNAP-tag consists of the human O6-
alkylguanine-DNA alkyltransferase (AGT), a 20-kDa pro-
tein that acts as a suicide enzyme to covalently transfer
modifications from DNA bases onto itself. After it is
fused to the target protein one desires to label, a syn-
thetic probe is specifically attached to the SNAP-tag
by irreversible transfer of the benzyl group from O6-
benzylguanine (O6-BG) to a cysteine residue, resulting
in a stable thioether bond (Figure 1) (15, 27). O6-BG de-
rivatives 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 pro-
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cesses, fluorescence pulse chase experiments, and
FRET applications (15, 16, 28−30). A major advantage
of this approach is the availability of several cell-
permeable fluorescent O6-BG derivatives (31): BG dieth-
ylamino coumarin, BG diacetyl fluorescein (BGAF), BG
Oregon Green, BG Rhodamine Green and TMRstar are
available for direct intracellular live cell labeling, includ-
ing the well-described photosensitizer fluorescein (4).
Although they require microinjection, several longer
wavelength dyes are also available (30).

We demonstrate the efficiency of SNAP-tag-based
CALI by applying the technique to the inactivation of �-
and �-tubulin during mitosis. SNAP-tag-�-tubulin and
�-tubulin-SNAP-tag fusion proteins were labeled with
the SNAP-tag substrate BGAF in mammalian cells and in-
activated by illumination with an argon laser (488 nm)
on a confocal microscope (Figure 1). The immediate ef-
fect on cell division is directly detected in live cells by

confocal imaging. The inactivation of �-tubulin, one sub-
unit of the heterodimer that makes up the lattice of mi-
crotubules (MTs), leads to dramatic changes in mitotic
spindle morphology and arrest of the cell in metaphase.
�-Tubulin, another member of the tubulin family, is es-
sentially involved in the nucleation of new MTs at
microtubule-organizing centers (32−34). The inactiva-
tion of �-tubulin reduced the number of nucleation
events drastically and decreased the growth rates of
MTs originating from the illuminated centrosome.

RESULTS AND DISCUSSION
CALI on SNAP-tag-�-tubulin in the Mitotic Spindle.

The metaphase spindle is a bipolar structure composed
of highly dynamic MTs (35, 36). The astral MTs extend
toward the cell cortex, the kinetochore MTs are attached
with their plus end to the kinetochores of the chromo-
somes, and finally interpolar MTs overlap antiparallel in
the midzone (Figure 4, panel a). The minus ends of all
MTs direct toward the spindle poles. The dynamicity of
the self-organizing spindle is essential to orchestrate
chromosome segregation.

To establish SNAP-tag labeling as a tool for in vivo
CALI, we set up a quantitative imaging assay in mitotic
cells that allowed us to determine the illumination en-
ergy requirements and to detect the specific CALI effect
in comparison to control experiments. For this purpose,
we expressed SNAP-tag-�-tubulin in NRK cells and incu-
bated the cells with the SNAP-tag substrate BGAF, a cell-
permeable fluorescein derivative (15), resulting in spe-
cific labeling of the mitotic spindle (Figure 2, panel a). As
photobleaching of fluorescein decreases its quantum
yield for singlet oxygen production, cells targeted for
CALI were not imaged with 488 nm excitation light be-
fore CALI illumination. Dividing cells in metaphase were
selected by imaging the coexpressed chromosome
marker H2B-mRFP (Figure 2, panel a) exclusively with a
594 nm HeNe laser line.

Instead of scanning the region of interest, the beam
parc mode (irradiated beam area � 0.14 �m2) provided
by the Leica SP2 was used for CALI, thereby minimizing
the phototoxic CALI illumination for the cell. Ten laser
beam points were directed on one of the two spindle
poles (Figure 2, panel b). Each point was illuminated for
250 ms and the total energy applied was 67.5 kJ cm�2.
After CALI, time lapse series of H2B-mRFP were acquired
for each cell to monitor the CALI effect on mitotic pro-
gression of the cell. Upon CALI, the spindle stayed ar-

Figure 1. SNAP-tag CALI based on the SNAP-tag labeling.
Covalent labeling of SNAP-tag fusion proteins with O6-
benzylguanine derivatives bearing a fluorescent label (1).
CALI of fluorophore-labeled SNAP-tag-protein X by illumi-
nation of the fluorophore with intense laser light at the ap-
propriate wavelength (2). The production of singlet oxy-
gen leads to the oxidation and therefore inactivation of the
proteins in 3�4 nm proximity (7).
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rested in metaphase for 2 h (Figure 2, panel b). After-
wards, the chromosomes started to decondense and
lost their metaphase plate alignment, and the cell ar-
rested in the spherical shape it had adopted for mitosis.

To determine the minimal threshold energy required
for this CALI effect on mitosis, we titrated the laser inten-
sity and the duration of the laser beam (Supplementary
Figure 1). For this experimental assay, we determined a
threshold energy of 55 kJ cm�2. Above this threshold,
the CALI efficiency could not be further increased inde-
pendent of the total illumination energy.

This threshold energy of the laser illumination is 100
times higher than for FlAsH CALI (19). This difference
may account for the size of the tag, as SNAP-tag is a pro-
tein containing 182 amino acids in comparison to the
tetracysteine-tag TC that comprises only 12 amino ac-
ids (21). The required amount of energy to produce a
sufficient amount of ROS inactivating the target fusion

protein will therefore be higher for SNAP-tag CALI be-
cause the SNAP-tag protein itself will first absorb ROS.
However, SNAP-tag labeling has the advantage of being
more rapid (�5 min) and highly efficient, specific and
nontoxic covalent labeling, which makes SNAP-tag CALI
much more suitable for live cell experiments. In general
it is not possible to compare the values of total energy of
the published CALI photosensitizers in a rigorous quan-
titative manner, as most of them use different target pro-
teins, read-out assays, and technical set-ups.

For the SNAP-tag-�-tubulin we could achieve an ar-
rest in metaphase for 78% (n � 63) of the cells, when
applying illumination energies above threshold (55 kJ
cm�2). This efficiency could not be increased by higher
laser illumination, and 22% of all CALI-treated cells
eventually proceeded into anaphase. However, analy-
sis of the duration of metaphase in these cells revealed
that there was a significant delay in progression when

Figure 2. CALI on fluorescein-labeled SNAP-tag-�-tubulin. a) NRK cell in metaphase expressing H2B-mRFP and SNAP-tag-
�-tubulin labeled with BGAF (fluorescein). b) CALI on NRK cell (SNAP-tag-�-tubulin � BGAF, H2B-mRFP). Red ring defines
the region of CALI illumination (67.5 kJ cm�2) on the spindle pole. In the control sample, CALI illumination is performed as
described except that this cell had not been incubated with BGAF for labeling SNAP-tag-�-tubulin. Time � min:sec. Size
bar � 10 �m.
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compared with control cells, also indicating that there
was a CALI effect (unpublished data). This incomplete
block in one-fifth of the cells could be due to a too-low
amount of ROS production and thus SNAP-tag-�-tubulin
inactivation.

Specificity of CALI on SNAP-tag-�-tubulin. In control
samples, cells were not labeled with BGAF, but the ex-
perimental setup was otherwise identical to the CALI ex-
periment. After illumination (67.5 kJ cm�2), all control
cells (n � 9) progressed into anaphase and divided into
two daughter cells without any detectable abnormality
(Figure 2, panel b and Figure 3). Thus, the intense laser
illumination and the expression of SNAP-tag-�-tubulin
do not effect mitotic progression. To demonstrate the
specificity and the dependence of the close proximity
of the fluorescein molecule to its target fusion protein,
we CALI-treated cells expressing soluble SNAP-tag with-
out a fusion partner and labeled it with BGAF and CALI-
illuminated the cells (n � 9). All cells progressed nor-
mally through mitosis. Furthermore, cells (n � 5) not
expressing any SNAP-tag fusion protein but incubated
with BGAF always completed cell division normally af-
ter CALI illumination (Figure 3).

EGFP has been described as a CALI photosensitizer
before (24). To compare the effectiveness of EGFP and
SNAP-tag-fluorescein, we incubated NRK cells (n � 10)
expressing EGFP-�-tubulin with BGAF and applied the

highest CALI illumination energy (167.9 kJ cm�2) avail-
able on our microscope system. In contrast to SNAP-tag-
�-tubulin, all CALI-treated cells progressed into an-
aphase and no CALI-induced effect was detectable
(Figure 3), demonstrating that SNAP-tag-fluorescein is
more effective as a CALI photosensitizer than EGFP for
�-tubulin under the given experimental conditions.

CALI on Fluorescein-Coupled SNAP-tag-�-tubulin
Causes Spindle Shortening. To address by which
mechanism CALI of fluorescein coupled SNAP-tag-�-
tubulin causes metaphase arrest, we addressed the fate
of the spindle after CALI illumination by correlative im-
munofluorescence using an �-tubulin antibody. Cells
were CALI-illuminated and fixed at different time inter-
vals after CALI to detect acute changes in spindle mor-
phology (Figure 4, panel a). The spindle morphology of
cells fixed 5 s after CALI illumination was indistinguish-
able from those in nontreated control cells. The spindle
size and the density of MTs were comparable. However,
cells that were fixed 4 min after CALI treatment had a
shortened spindle, the number of MTs was reduced, and
astral MTs were absent. After 12 min, the spindle had
collapsed onto the chromosomes and reached a mini-
mal size (Figure 4, panel a). Cells expressing EGFP-�-
tubulin did not show any effect after identical CALI treat-
ment, demonstrating again that fluorescein-labeled
SNAP-tag is a considerably more sensitive CALI tool
(Figure 4, panel a).

The effect on the spindle was always symmetrical, al-
though the CALI illumination was only directed on one
of the two spindle poles. Therefore we directed the la-
ser beam for CALI illumination into the mitotic cytoplasm
to see if the same spindle shortening is detected when
soluble SNAP-tag-�-tubulin is inactivated. Indeed, the
arrest in metaphase was observed also for cytoplasmic
CALI-treated cells, and immunofluorescence analysis re-
vealed the same decrease of the spindle size over time
(data not shown). However, the total energy of the CALI
illumination had to be almost twice as high (threshold �

96 kJ cm�2, Supplementary Figure 1) to achieve the
same efficiency as in the experiments with the laser
beam directed onto the spindle pole (threshold �

55 kJ cm�2, Supplementary Figure 1).
To determine how rapidly CALI inactivation of

�-tubulin can affect the mitotic spindle, we measured
the reduction of the spindle length using MAP4-mCherry
as an in vivo marker for MTs. Immediately after CALI,
cells were followed by time lapse imaging and the size

Figure 3. Summarized results of CALI experiments on
SNAP-tag-�-tubulin as described in Figure 2. Dark gray:
arrest in metaphase; light gray: progress into anaphase.
Seventy-eight percent of CALI-treated cells expressing
SNAP-tag-�-tubulin labeled with BGAF were arrested in
metaphase. Control samples: CALI illumination of unla-
beled SNAP-tag-�-tubulin, EGFP-�-tubulin in the presence
of BGAF, soluble SNAP-tag labeled with BGAF, and cells
not expressing SNAP-tag-�-tubulin in the presence of
BGAF.
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of the spindle was determined at each time point
(Figure 4, panel b). Cells were arrested in metaphase,
and during the first 2 min after CALI, the spindle de-
creased already to about 50% of the final reduced

spindle size that was reached after 15 min (0.51 	

0.17 �m min�1, n � 7, Figure 4, panel c, red curve). As-
tral MTs and pole-to-pole MTs disappeared within min-
utes (Figure 4, panel a), and after prolonged arrest the

Figure 4. Changes of spindle morphology after CALI on SNAP-tag-�-tubulin. a) Immunofluorescence analysis of CALI-
treated cells (SNAP-tag-�-tubulin labeled with BGAF) with anti-�-tubulin antibody (Alexa488) at different time intervals af-
ter CALI illumination. Upper row: SNAP-tag-�-tubulin. Lower row: EGFP-�-tubulin. Controls were identical except for CALI
illumination. Size bar � 5 �m. b) In vivo analysis of spindle size decrease by imaging MAP4-mCherry as a spindle marker.
Upper row: the beam is directed at one spindle pole (67.5 kJ cm�2). Middle row: the CALI laser beam is directed into the
cytoplasm (96 kJ cm�2). Lower row: control cells not labeled with BGAF, the beam is directed at one spindle pole (86 kJ
cm�2). c) For all CALI experiments the size of the spindle was determined for at least 6 different cells. Red � CALI on
spindle. Blue � CALI in cytoplasm. Black - CALI on spindle pole in unlabeled control cells (normalized for anaphase onset).
Time � min:sec. Size bar � 10 �m.

132 VOL.4 NO.2 • 127–138 • 2009 www.acschemicalbiology.orgKEPPLER AND ELLENBERG



chromosomes lost their metaphase alignment, indicat-
ing that eventually also kinetochore fibers were affected.
The dynamics of spindle size reduction were very simi-
lar, if CALI was performed with higher illumination en-
ergy (96 kJ cm�2) on the soluble SNAP-tag-�-tubulin
pool in the cytoplasm with a half-time of 2 and 19 min
for the complete shortening process (0.50 	 0.09 �m
min�1, n � 6, Figure 4, panel c, blue curve). The required
energy for the same CALI effect when directing the laser
beam into the cytoplasm was as seen before about
2-fold higher than for CALI on the centrosome, prob-
ably because of the higher local concentration of SNAP-
tag-�-tubulin at the spindle pole in comparison to the
cytoplasm. When using a subthreshold illumination en-
ergy of 51 kJ cm�2 for CALI into the cytoplasm, cells pro-
gressed into anaphase with comparable kinetics as un-
labeled control cells (Supplementary Figure 2).

The symmetric CALI effects first on dynamic and
later on more stable spindle MTs were seen regardless
whether the laser beam was directed on the centrosome
or in the mitotic cytoplasm away from the spindle. A
likely explanation is that SNAP-tag-�-tubulin oxidized
by CALI interferes with new nucleation and polymeriza-
tion of MTs. Since tubulin exchanges rapidly between
the polymerized and unpolymerized state due to dy-
namic instability of spindle microtubule, this effect oc-
curs both when SNAP-tag-�-tubulin is destroyed in the
cytoplasm or in the spindle itself. A direct effect of oxi-
dized SNAP-tag-�-tubulin damage while incorporated in
polymerized MTs could not be detected, suggesting
that the amount of SNAP-tag-�-tubulin incorporated
into the microtubule lattice in addition to untagged en-
dogenous tubulin was not sufficient to destabilize al-
ready polymerized MTs but required their turnover.

Singlet Oxygen Is Responsible for the CALI Effect.
The molecular background of CALI based on fluores-
cein and the production of singlet oxygen as the reac-
tive species have been studied thoroughly (4). Neverthe-
less, we wanted to confirm that SNAP-tag CALI on
fluorescein-labeled fusion proteins is based on the
same reaction mechanism. Therefore, we added the sin-
glet oxygen quencher imidazole to cells or incubated
them in oxygen-enriched medium during CALI, respec-
tively. Applying the same CALI conditions as described
in the previous experiments for SNAP-tag-�-tubulin, the
addition of imidazole (final concentration � 15 mM)
caused a reduction of the CALI efficiency by 36% (n �

10). When adding imidazole to a final concentration of

30 mM, the efficiency was decreased by 74% (n � 10)
(Figure 5). When the cells were incubated in O2-enriched
medium, the efficiency was raised more than 2.5 fold
(n � 13) in comparison to medium that had not been
enriched with O2 (applying subthreshold CALI illumina-
tion energy of 23.5 kJ cm�2) (Figure 5). These experi-
ments demonstrate the dependence of fluorescein-
based SNAP-tag CALI on singlet oxygen as the reactive
species.

Inactivation of �-Tubulin-SNAP-tag Demonstrates
the Spatial Resolution of CALI. To demonstrate that
SNAP-tag-based CALI in a defined subcellular region
can cause locally restricted specific protein damage,
we performed CALI on centrosomal �-tubulin-SNAP-tag.
�-Tubulin forms, in association with the �-tubulin com-
plex proteins, the �-tubulin ring complex (�-TuRC) that
serves as seed for MT nucleation. The exact mechanism
of nucleation of MTs at the �-TuRC is still under investi-
gation (37). The �-TuRCs are found in soluble form in the
cytoplasm as well as embedded into the pericentriolar
material of the centrosome in a dynamic equilibrium.
Khodjakov and Rieder (38) determined by FRAP experi-
ments that the exchange of the dynamic pool of
�-tubulin at the centrosome takes about 60 min. A sec-
ond pool of �-tubulin has a longer residence time of
about 5�6 h for a complete exchange. This fraction is
thought to be bound to the centrioles. As our time se-
ries after CALI illumination comprises less than 2 min,

Figure 5. Confirmation of singlet oxygen as reactive spe-
cies of the CALI reaction. Imidazole (15/30 mM) is added
to cells before CALI treatment (67.5 kJ cm�2) to quench
singlet oxygen. The CALI efficiency decreased by 36% and
74%, respectively. In contrast, CALI efficiency is in-
creased 2.5-fold when cells are incubated in O2-enriched
medium in comparison to cells incubated in normal me-
dium (here, CALI-treated with subthreshold CALI illumina-
tion energy of 23.5 kJ cm�2).
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we expect that the exchange of CALI damaged versus cy-
toplasmic �-tubulin-SNAP-tag has no significant influ-
ence on the result.

To interfere with the well-described function of
�-tubulin in MT nucleation, we established a HeLa Kyoto
cell line stably expressing the fusion protein �-tubulin-
SNAP-tag (Figure 6, panel a). To directly image a poten-
tial effect on microtubule dynamics, EB3-mCherry, which
binds to the plus end tips of growing MTs, was tran-
siently expressed as a marker protein (39, 40). As be-
fore, we labeled the fusion protein �-tubulin-SNAP-tag
with BGAF, which resulted in specific centrosomal stain-
ing (Figure 6, panel a), and transferred the cells to a con-
focal microscope for CALI illumination and imaging. To
prepare for mitosis, �-tubulin accumulates at the matu-
rating centrosome, and the MT nucleation capacity in-

creases several fold to support the formation of the mi-
totic spindle (38). Therefore we chose cells in late G2
phase to interfere with �-tubulin function via CALI. The
centrosome position could be easily detected by the
parallel accumulation of the marker protein EB3-
mCherry, avoiding pre-illumination of the cells with the
CALI wavelength. Before and 15 s after CALI illumination,
time lapse series to document microtubule dynamics
were recorded. For CALI, four laser beam points (71 kJ
cm�2) were directed on the centrosome.

Indeed, the number of nucleation events decreased
by about 81% from 50.7 to 10.0 events min�1 after CALI
illumination of �-tubulin-SNAP-tag in the centrosomal re-
gion (Figure 6, panel c). When using half the illumina-
tion energy (35.5 kJ cm�2), the decrease was reduced to
about 65%, confirming the dependence of CALI on the

Figure 6. CALI on �-tubulin-SNAP-tag in cells coexpressing EB3-mCherry. a) HeLa cells stably expressing �-tubulin-SNAP-
tag labeled with BGAF. b) HeLa cell in late G2: EB3-mCherry highlights the plus end tips of growing MT emerging from the
centrosome. Red circle indicates the region of applied CALI illumination on BGAF-labeled �-tubulin-SNAP-tag. c) The ra-
tio of nucleation events was determined for 10 individual cells before and after CALI illumination on the centrosome for
CALI, in the cytoplasm or on centrosomes of unlabeled cells for control experiments. Dark gray � illumination with 10 la-
ser beam points with 71 kJ cm�2. Light gray � 4 laser beam points with 35.5 kJ cm�2. d) For the same cells the change of
MT growth rate after CALI illumination was determined by measuring kymographs on 10 single MTs per cell before and af-
ter CALI. Size bar � 10 �m. The error bars refer to the mean standard deviation for 10 individual cells.
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total illumination energy (41). When the laser beam
points were directed into the cytoplasm away from the
centrosome, the number of nucleation events was not
affected (Figure 6, panel c), demonstrating the spatial
selectivity of this technique for protein inactivation. Cells
expressing �-tubulin-SNAP-tag that were not labeled
with BGAF but CALI-illuminated under identical condi-
tions did not show any reduction in the rate of nucle-
ation (Figure 6, panel c).

Beside formation of new MTs in interphase, �-tubulin
plays an important role in mitotic spindle organization
and, as was described recently, in the dynamics of MT
plus ends (42). However, it is not understood how
�-tubulin contributes to the dynamic behavior of MT
plus ends. In models for MT nucleation, �-tubulin local-
ization is restricted to the minus-end of MTs. It has been
suggested that �-tubulin complexes contribute to the
loading of plus-end proteins onto new microtubule tips
at the time of nucleation (37). This would be consistent
with the detection of high concentrations of EB1 and
other plus-end-binding proteins at the centrosome. An-
other possibility is that the localization of �-tubulin com-
plexes might not be restricted to the minus ends, and
�-tubulin could be present at low concentration along
the MTs and at the plus-ends.

To address whether inactivation of �-tubulin-SNAP-
tag would not only decrease microtubule nucleation
but also impair their growth (42), we determined the
growth rate of individual MTs (Figure 6, panel d). To this
end, we performed kymograph analysis of 10 MTs high-
lighted with EB3-mCherry, which emerged from the cen-
trosome per cell. When comparing the values before and
after CALI illumination, the growth rate decreased 64%
from 18.54 (	3.20) to 6.66 (	1.68) �m min�1 (71 kJ
cm�2, n � 8) and 45% from 18.29 (cm2 2.06) to 9.89
(cm2 2.21) �m min�1 (35.5 kJ cm�2, n � 9) after CALI
(Figure 6, panel d). In control experiments, the same
cells expressing �-tubulin-SNAP-tag and EB3-mCherry
were not labeled with BGAF but otherwise treated and
CALI-illuminated under identical conditions. A difference
in growth rate after CALI could not be detected (Figure 6,
panel d). In a further control, cells were labeled with
BGAF, but the laser beam points for CALI were directed
in the cytoplasm, away from the centrosome. Again, no
change in growth rate was seen. In summary, the spe-
cific inactivation of centrosomal �-tubulin-SNAP-tag af-
fected microtubule nucleation and growth rate and dem-

onstrated the spatial selectivity of CALI based on
fluorescein-labeled SNAP-tag fusion proteins.

The CALI treatment of �-tubulin-SNAP-tag was effec-
tive in interfering with the described functions of this
protein in MT nucleation and dynamics.

Conclusion. Here, we demonstrate the use of fluo-
rescein-labeled SNAP-tag fusion proteins for CALI as a
new tool for photoinactivation techniques to elucidate
protein function inside living cells. The SNAP-tag CALI
approach combines the advantages of a genetically en-
coded protein tag with the flexibility that synthetic flu-
orophores offer. The covalent and highly specific bind-
ing of the fluorophore allows the thorough removal of
excess dye below measurable background, thereby di-
minishing the risk of unspecific photodamage. The in
vivo labeling procedure is complete within 3�5 min, fa-
cilitating live cell experiments. The same SNAP-tag fu-
sion construct can be labeled with various dyes with an
increasing variety of properties concerning their photo-
physics, reactivities, or affinities to allow very different
experimental set-ups for the same fusion protein. Here,
we tested the SNAP-tag CALI approach with fluorescein
as a photosensitizer, but this work opens the door for
SNAP-tag based CALI applications using any photosen-
sitizer conjugated to O6-benzylguanine. In the future it
will be desirable to develop additional cell permeable
BG fluorophores, specifically, spectrally distinct photo-
sensitizers. To further increase the efficiency of this CALI
approach, the endogenous target protein can be
knocked down by RNA interference, so that the tagged
protein, if expressed in a stable and RNAi-resistant man-
ner, is the only species in the cell that performs the bio-
logical function. We show that different SNAP-tag fu-
sion proteins labeled in vivo with fluorescein can be
inactivated in less than 1 s by laser illumination. The
spatial resolution of this approach is restricted by the
half-maximum range of the singlet oxygen. The illumi-
nated volume for CALI inside the cell was as small as the
confocal volume given by the optical parameters of the
microscope settings (excitation wavelength 488 nm, nu-
merical aperture 1.40, resolution in xy � 0.2 �m, reso-
lution in z � 0.8 �m, confocal volume 
 1 fL). This al-
lows addressing protein function inside cells with very
high spatial and temporal resolution. Because it can be
implemented readily on confocal laser scanning micro-
scopes, inactivation of the protein can be combined
with real time imaging of the dynamic cellular process
under study as exemplified here by mitosis. SNAP-tag
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based CALI could be used alone or in combination with
complementing labeling techniques fitting the demand
of the experimental setup. In combination with, e.g., the
tetracysteine-tag or the CLIP-tag, orthogonal CALI on dif-
ferent fusion proteins will be possible, addressing two
or even more functions in one cell at the same time. As
soon as additional cell-permeable photosensitizers with
spectral properties different from those of BGAF are

available, also sequential CALI solely based on the
SNAP-tag will be possible.

So far, neither �-tubulin nor �-tubulin have been tar-
geted by CALI (3). As their functions are essential for fun-
damental and highly dynamic processes in the cell
such as cell division and microtubule growth and nucle-
ation, we hope that they will prove useful tools to eluci-
date their functional mechanism in the future.

METHODS
The SNAP-tag approach was originally described as labeling

of AGT fusion proteins and is now commercially available from
Covalys Biosciences, who provided the BGAF used in this work.

Constructs. The construct SNAP-tag-�-tubulin has been de-
scribed (16). The SNAP-tag mutant used in the �-tubulin-SNAP-
tag construct is identical to the mutant described in ref 16 ex-
cept for two silent point mutations: residue His173 (CAC to CAT
to remove the AgeI site) and residue Gln61 (CAG to CAA to re-
move the Apa LI site). The vector backbone of �-tubulin-SNAP-
tag is pEGFP-N1 (BD Biosciences, Palo Alto, CA), in which EGFP
is replaced by SNAP-tag and �-tubulin originating from construct
�-tubulin-mRFP (43) is inserted between the restriction sites
BglII and EcoRI. pEB3-EGFP is a donation from N. Galjart (44).
For EB3-mCherry, mCherry (a donation from R. Tsien (45)) was in-
troduced between the restriction sites BsrGI and BamHI in pEB3-
EGFP, replacing EGFP. MAP4, a donation from J. B. Olmsted
(46), was fused at its N-terminus to mCherry via the linker SKAAA
to generate mCherry-MAP4, and the fusion protein was intro-
duced between the restriction sites AgeI and EcoRI of pEGFP-C1
(BD Biosciences), replacing EGFP. H2B-mRFP has been pub-
lished (31).

Cell Culture. A monoclonal stable HeLa Kyoto cell line express-
ing �-tubulin-SNAP-tag was produced and maintained as de-
scribed (47). The SNAP-tag-�-tubulin CALI experiments were per-
formed on NRK cells transiently expressing SNAP-tag-�-tubulin.
We did not notice a systematic correlation between CALI effi-
ciency and expression level of SNAP-tagged �-tubulin. For live
cell imaging, cells were cultured in Laboratory Tek II chambered
coverglasses (No. 1; NalgeNunc International, Rochester, NY)
and maintained at 37 °C in imaging medium [CO2-independent
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Carls-
bad, CA) without phenol red and supplemented with 20% fetal
calf serum (FCS), 10 mM glutamine, penicillin/streptomycin] as
described (47).

For the labeling with cell-permeable BGAF, cells were incu-
bated with minimum essential medium (MEM) containing the la-
beling dye at a final concentration of 5 �M for 5 min. The cells
were then washed three times with MEM before adding imaging
medium. Imaging and CALI illumination was started 15 min af-
ter washing. Here, the minimal times for labeling and washing
out of excess dye were 3 and 10 min, respectively.

Imaging and CALI on Confocal Laser-Scanning Microscopes.
The CALI experiments were performed on a Leica SP2 AOBS
Sirius (Leica Microsystems, Mannheim, Germany) confocal mi-
croscope. Cells were imaged and CALI-illuminated using the PL
APO 63�/1.4-0.6 NA oil-immersion objective. For imaging H2B-
mRFP and EB3-mCherry, a HeNe 2.5 mW, 594 nm laser was used
at 20% and 90% transmission, respectively, and fluorescence
emission was detected from 612 to 700 nm. To minimize the
phototoxic effect of CALI and the unspecific damage inside the
cell, CALI illumination was performed using the beam parc mo-

dus of the instrument and not the scanning mode. The focused
laser beam was successively positioned at 10 different points
stochastically distributed inside a region of interest, and each
point was irradiated with the indicated dose and for the indi-
cated time. The area of one beam point and therefore of a single
irradiation was approximately 0.14 �m2. If not mentioned other-
wise, 10 beam points were directed at one of the two spindle
poles (SNAP-tag-�-tubulin) in metaphase (identified in the trans-
mitted light image) or the centrosomal region (�-tubulin-SNAP-
tag) in late G2 (identified by EB3-mCherry staining). The duration
of excitation (typically 250 ms for each beam point) and the la-
ser intensity (425 mW argon laser, 488 nm) were defined accord-
ing to the experimental setup, and the resulting CALI illumina-
tion energies ranged from 23.5 to 167.9 kJ cm�2 and are given
in the results. The laser power was measured at the position of
the specimen using the laser power meter Ophir Nova II (Ophir
Optronics Ltd.). After CALI, live cell image sequences were ac-
quired imaging H2B-mRFP to score mitotic progression or EB3-
mCherry to score microtubule dynamics. For EB3-mCherry, 50
images per cell were recorded at 2 s intervals.

Testing Singlet Oxygen As the Reactive Species of Fluorescein-
Based SNAP-tag CALI. For quenching CALI-produced singlet oxy-
gen inside treated cells, imidazole was added to the cells to a fi-
nal concentration of 15 or 30 mM, respectively, before CALI illu-
mination. CALI experiments were performed as described above.
For increase of singlet oxygen production upon CALI, we incu-
bated the cells in freshly O2-enriched medium before and dur-
ing CALI. In this case, the applied CALI illumination energy was
23.5 kJ cm�2 to detect an increase in CALI efficiency. In un-
treated medium the threshold was 55 kJ cm�2 at which 78% of
all CALI-treated cells were arrested in metaphase.

Immunofluorescence on SNAP-tag-�-tubulin. Cells were cul-
tured in Laboratory Tek II chambered coverglasses and CALI-
treated on the Leica SP2 system as described above. At differ-
ent time points (see Figure 4) after CALI illumination cells were
processed for immunofluorescence on the microscope to avoid
loss of the loosely attached mitotic cells. Cells were fixed in a fi-
nal concentration of 3% formaldehyde for 10 min. After the
cells were washed three times carefully with PBS, an anti-�-
tubulin antibody (diluted 1:1000, raised in mouse, T9026,
Sigma-Aldrich) was added for 20 min, and an antimouse anti-
body conjugated with Alexa488 (diluted 1:1000, raised in goat,
A11029, Molecular Probes) was added for detection. For com-
parison, non-CALI-treated control cells were imaged in the same
Laboratory Tek to ensure identical immunofluorescence
conditions.

Image Processing. The size of the spindle and the rate of mi-
crotubule nucleation were analyzed with the open source soft-
ware ImageJ (http://rsb.info.nih.gov/ij/). For measuring the rate
of microtubule nucleation, time lapse sequences were advanced
frame by frame, and EB3-mCherry labeled microtubule tips
emerging from the centrosome were counted interactively. Each
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image sequence was evaluated three times. The variation of
the repeated counts was less than 5%. Microtubule growth rates
were determined with an in-house-developed kymograph macro
(http://www.embl.de/eamnet/html/kymograph.html). Growth
rates and tracks were analyzed with Excel (Microsoft). Figures
were assembled with Illustrator and Photoshop (Adobe Sys-
tems).
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