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ABSTRACT: Chromophore-assisted light inactivation (CALI) 525 nm
is a potentially powerful tool for the acute disruption of a target ‘Inactive form”

protein inside living cells with high spatiotemporal resolution.
This technology, however, has not been widely utilized, mainly
because of the lack of an efficient chromophore as the photo-  °
sensitizing agent for singlet oxygen ('0,) generation and the
difficulty of covalently labeling the target protein with the
chromophore. Here we choose eosin as the photosensitizing
chromophore showing 11-fold more production of 'O, than
fluorescein and about S-fold efficiency in CALI of f3-galactosi-

dase by using an eosin-labeled anti-(3-galactosidase antibody compared with the fluorescein-labeled one. To covalently label target
protein with eosin, we synthesize a membrane-permeable eosin ligand for HaloTag technology, demonstrating easy labeling and
efficient inactivation of HaloTag-fused PKC-y and aurora B in living cells. These antibody- and HaloTag-based CALI techniques

“Active form”
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1. penetrating into cells
2. hydrolysis by esterase
3. covalent bonding to HaloTag?

T e

HaloTag7

using eosin promise effective biomolecule inactivation that is applicable to many cell biological assays in living cells.

he evaluation of specific protein functions is a major

challenge in cellular and molecular biology. Several technol-
ogies, such as genetic knockout, antisense RNA, and RNA
interference are powerful tools for elucidating protein functions
in vivo. However, these methods suffer from genetic compensa-
tion and low time resolution because the effect of loss depends on
the lifetime of the protein."

Chromophore-assisted light inactivation (CALI) allows the
functional analysis of a tar%et protein inside living cells with high
spatiotemporal resolution.” CALI uses a chromophore molecule
as a photosensitizer that, upon irradiation with intense light,
yields short-lived reactive oxygen species (ROS), such as 'O,,
which have been shown to damage proteins in the close vicinity
of the chromophore via the oxidation of methionine residues and
cross—linking.3 10, has a half-radius of photodamage of approxi-
mately 3—4 nm,* which is smaller than 8 nm, the average
protein—protein interaction distance inside a cell,’ enabling
the inactivation of a specific protein with high spatial precision.
Despite these attractive properties, CALI has not been widely
used because of its limitations, including the low ROS production
of the photosensitizer and the difficulty of specifically labeling the
target protein with the photosensitizer.®

The original photosensitizer used for CALI was malachite
green.” However, this chromophore required a high-energy laser
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because of its low ROS production efficiency. Currently, a
xanthene-based chromophore, fluorescein, is often used because
it is a better producer of ROS.**” However, an even more potent
photosensitizer is still desirable to eliminate the need for long-
term illumination with an intense laser, which can cause un-
specific photodamage.

Originally, to label a target protein with the CALI chromo-
phore, the chromophore was first conjugated to a specific
nonblocking antibody and then microinjected into the cell at a
concentration high enough to saturate the target protein.”
However, the laboriousness of this procedure greatly hampered
the use of CALIL Therefore, several innovative strategies have
been devised that use membrane-permeable chromophore li-
gands that bind to genetically encoded target sequences. The first
such method used the biarsenical dyes FIAsH-EDT2 and ReAsH-
EDT?2, both of which are xanthene (fluorescein and rhodamine,
respectively) derivatives, and bind to a short peptide motif
containing four cysteine residues, which can be genetically fused
to a protein of interest.*” '° However, this method is limited by
its cytotoxicity, which is caused by the nonspecific binding of the
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Figure 1. Comparison of photochemical properties of photosensitizing chromophores. (a) Absorption spectra of eosin and fluorescein and the
emission spectrum of eosin. Both the absorption and fluorescence spectra were normalized by defining each peak absorption/fluorescence as 1.0.
(b) Eosin generates 'O, more effectively than fluorescein and ruthenium. The amount of 'O, is shown by the quenching of ADPA fluorescence intensity
after same power (0.28 W cm ™ %) of the 457-, 488-, and 514-nm line of laser irradiation to ruthenium, fluorescein-S-maleimide (fluorescein), and eosin-5-
maleimide (eosin), respectively. (c) Inactivation of 3-galactosidase activity by CALI using a choromophore-labeled anti-3-galactosidase antibody or anti-
vimentin antibody in vitro. (d) Molecular structure of diAc-eosin-AM (N-{2-[2-(6-chloro-hexyloxy)-ethoxy]-ethyl}-3’,6'-acetyleosin-(5,6)-amide). (e)
Absorption spectra of diAc-eosin and eosin-5-maleimide (eosin) before and after their hydrolysis by NaOH. (f) 'O, generation by eosin-$-maleimide
(eosin) and diAc-eosin in response to hydrolysis determined by the quenching of ADPA (anthracene-9,10-dipropionic acid) fluorescence intensity (FI).

Abs, absorption; EM, emission. Error bars show SD.

dyes to cysteines in endogenous proteins.'®” "> As an alternative,
a SNAP-tag-based labeling system for CALI has been reported."?
This system utilized covalent labeling of SNAP-tag fusion
proteins with fluorescein, and thereby fast and highly specific
chromophore labeling has been achieved. The specificity of
SNAP-tag-based CALI was demonstrated by acute inactivation
of a-tubulin and y-tubulin during cell division; nevertheless the

402

intense illumination (over 67.5 kJ cm™ ) used in this report may
raise the risk of nonspecific photodamage. As a similar technique,
a method using HaloTag fusion protein labeled with Ru(II) tris-
bipyridyl was established, which is an unusually eflicient “war-
head” for CALI, and markedly superior to the commonly used
fluorescein.'* Actually, Ru(II) tris-bipyridyl exhibited 2-fold
stronger performance than fluorescein. However, the light
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wavelength to expose Ru(Il) tris-bipyridyl contains ultraviolet
(>380 nm), which might induce photodamage/phototoxicity.
Thus, there remains a need for more potent chromophore to
generate 'O, by longer wavelength illumination for promising
CALL

Results and Discussion. Characterization of Eosin as a CALI
Dye. To increase the efficacy of CALI, we selected another
xanthene-based chromophore, eosin (2/,4'5'7'-tetrabromofluo-
rescein), which has a high quantum yield of '0, generation and
has thus been used as an effective photooxidizer of diaminoben-
zidine in high-resolution electron microscopy studies.'> The
absorption peak of eosin is S17 nm (green light), which is
29 nm longer than that of fluorescein (Figure 1, panel a). This
longer wavelength of excitation is an advantage in CALI, because
cells’ endogenous chromophores show less absorption in this
range than in the violet/blue light range that is used for Ru(1I)
tris-bipyridyl and fluorescein excitation. In addition, eosin emits
substantial detectable fluorescence, peaking at 538 nm (Figure 1,
panel a), which permits the monitoring of intracellular eosin-
conjugated proteins by fluorescence microscopy. Furthermore,
the amount of the 'O, generated by eosin was 11 and 13 times as
much as that generated by fluorescein and ruthenium, respec-
tively (ADPA fluorescence 4.32 + 0.22% with eosin, 45.1 +
4.21% with fluorescein and 55.9 £ 4.43% with ruthenium;
Figure 1, panel b). We also confirmed the superiority of eosin
for the CALI of 3-galactosidase by using an eosin-labeled anti-$3-
galactosidase antibody, which exhibited about a CALI efficiency
S-fold greater than that of the fluorescein-labeled antibody
(Figure 1, panel c). These results motivated us to develop a
method using eosin to label intracellular proteins in living cells.

Synthesis of Eosin HaloTag Ligand. The HaloTag labeling
method is commonly used to label proteins in living cells with a
fluorescent dye.'”'® In the previous report, the early type of
HaloTag protein (HT2) was used to induce protein inactivation
with a photosensitizer, ruthenium.'* In this study, we used
HaloTag7, a second-generation haloalkane dehalogenase mu-
tant, since the ability to form a covalent bond with the HaloTag
ligand is stronger than that with HT2." To create an eosin-linked
ligand for HaloTag7, we synthesized a diAc-eosin-AM (Figure 1,
panel d). Like commercially available diAc-FAM, diAc-eosin-AM
has two acetyl groups that inhibit its photoabsorption activity. In
the case of diAc-FAM, the diacetyl group is hydrolyzed by cellular
esterase after its translocation into the cell by the AM group,
which restores its absorption capacity. To examine whether the
diAc-eosin-AM had the same property, we incubated it with 1 N
NaOH in vitro. In response to hydrolysis, its absorption increased
more than 20-fold over its prehydrolysis level (from 0.02 to 0.41;
Figure 1, panel e), and the '0, generation was markedly
increased by hydrolysis (decrease in ADPA fluorescence inten-
sity from 91.9 & 1.13% to 4.21 £ 0.69%; Figure 1, panel f),
suggesting that the diAc-eosin-AM could function as a photo-
sensitizer only after incorporation into cells. These results
inspired us to examine targeted protein labeling and inactivation
in living cells using eosin.

Specific Labeling of Intracellular Target with Eosin HaloTag
Ligand. To confirm whether diAc-eosin-AM could be applied to
label specific intracellular protein, HaloTag7 fused with keratin
and actin was expressed in living HeLa cells. After exposing the
cells to diAc-eosin-AM and washing away the unbound dye, eosin
fluorescence was clearly detected in the pattern of keratin and
actin fibers, respectively (Figure 2, panel a). In addition, by
expressing HaloTag7 with a mitochondria-targeting sequence,
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Figure 2. Protein and organelle labeling with eosin in living cells.
(a) Localization pattern of HaloTag7-keratin, HaloTag7-actin, and mito-
HaloTag7 labeled with eosin HaloTag ligand. (b) Induction of cell death
(arrow) by destruction of mitochondrial function using eosin-based
CALL (c) Viability of cells containing unlabeled (n = 9 cells), 1 uM
eosin-labeled (n = 10 cells), 1 uM fluorescein-labeled (n = 14 cells),
and KillerRed expressing mitochondria (n = 21 cells) 4 h after light
irradiation. Scale bars = § um.

the specific labeling of mitochondria with eosin was also ob-
served (Figure 2, panel a), indicating that diAc-eosin-AM with
HaloTag7 can be used as an intracellular highlighter.

CALI of Specific Organelle and Protein Labeled with Eosin
HaloTag. We next exposed mitochondria to intense light to
destroy mitochondrial function in living cells. As expected, most
of the cells emitting eosin fluorescence from mitochondria
exhibited necrotic morphological change 4 h after light irradia-
tion for 60 s (70%, n = 10, Figure 2, panels b and c). This
efficiency was higher in eosin-labeled cells than with fluorescein
(36%, n = 14, Figure 2, panel c) and unlabeled cells (0%, n =9).
Furthermore, the efficacy of the eosin-based CALI was also much
greater than the KillerRed**-based mitochondrial dysfunction,
which killed only 18% of the cells despite the longer exposure
(90 s) to light (Figure 2, panel c). Taken together, these results
demonstrate the powerfulness of eosin in CALI experiment
in vivo.

Next, we examined the specific inactivation of Protein Kinase
C-gamma (PKC-y), by assessing the translocation ability by
stimulation with TPA. For this purpose, PKC-y was fused with
HaloTag7 and mseGFP at the N- and C-termini, respectively
(Figure 3, panel a). The HaloTag7-PKC-y-mseGFP was success-
fully expressed in cytoplasm, labeled with eosin, and translocated
to the plasma membrane within S—15 min after TPA stimulation
(Figure 3, panel b). In contrast, if the cells were irradiated with
intense green light (520—560 nm), the HaloTag7-PKC-y-
mseGFP failed to show the translocation (Figure 3, panels ¢
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Figure 3. PKC-y inactivation by eosin-based CALI in living cells. (a) Schematic representation of the HaloTag7-PKC-y-mseGFP fusion protein and its
translocation to the membrane after TPA(12-O-tetradecanoylphorbol 13-acetate) treatment. (b) Control experiment (CALI—). After TPA addition,
PKC-y successfully translocated to the plasma membrane. (c) CALI of PKC-y. The eosin fluorescence disappeared after irradiation with intense light
resulting in failure of PKC translocation to the plasma membrane. Cells were examined by time-lapse analysis for the CALI— (1 = 21 cells) and CALI+
(n = 18 cells) conditions, respectively. Representative data are shown in panels b and c. (d) Time course analysis of PKC-y translocation to the plasma
membrane with (CALI+) or without (CALI—) CALIL The PKC-y activation was evaluated by the decrease in fluorescence intensity in the cytoplasm
due to the protein’s translocation to the plasma membrane upon TPA stimulation. Error bars are SD. Scale bar = 5 um.

and d), indicating the success of CALL The input light energy
totaled 0.792 k] cm™ > (8.8 W cm ™~ for 90 s), which was enough
to bleach out the eosin fluorescence but 85 times lower than that
(67.5 k] cm ™ *) used in a previous report in which SNAP-tagged
0-tubulin was destroyed by fluorescein-based CALL"* indicating
the power of the eosin-based CALI of target protein in living
cells.

Regiospecific CALI of Eosin-Labeled HaloTag-Aurora B with
a CW Laser. To validate whether our CALI method could be
applied to acute inactivation of target protein in spatiotemporal
manner, we chose aurora B as the target. Until now, inactivation
of aurora B labeled with GFP was only conducted by multi-
photon absorption-based CALI (MP-CALI) with intense irradia-
tion of femtosecond pulsed laser.”' To examine the possibility of
eosin-based CALI of aurora B, we used a conventional cw laser as
the light source. During the metaphase, eosin-labeled aurora B
was observed at the spindle midzone (Figure 4, panel a). After
laser irradiation in the central region of aurora B-eosin fluores-
cence, cell division was completely stopped or multinuclear

structure was formed after cell division (100%, n = 11 cells,
Figure 4, panels a and c). In contrast, unlabeled control cells
seemed to be healthy, and normal cell division progressed within
2 h after laser irradiation (93%, n = 14 cells, Figure 4, panels b and c).
These results indicate that eosin can be used for spatiotemporal
inactivation of target proteins by single photon absorption using a
cw laser equipped with commonly available microscope.
Perspective of CALI Technology in Bioscience. We have
shown successful CALI for not only an enzyme with the eosin-
labeled antibody but also organelle and intracellular proteins
labeled with eosin-HaloTag without the risk of nonspecific
photodamage caused by light illumination. The superior proper-
ties of this eosin-based CALI technique will be useful for the
broad exploration of highly localized protein functions in living
samples, particularly when it is used in combination with the “Flexi
HaloTag” clone library. This library covers more than 4,000 (final
clone number will reach to about 18,500) ORFs of the human
genome fused to the HaloTag gene and inserted into a mammalian
expression vector (http://www.kazusa.or.jp/kop/halotag/).

dx.doi.org/10.1021/cb100431e |ACS Chem. Biol. 2011, 6, 401-406
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Figure 4. Interference of cell division by CALI on eosin-HaloTag-
aurora B. (a) Failure of mitosis after 514 nm laser irradiation in the
central region of the condensed chromosome where eosin-labeled
aurora B was localized (leftmost panel) as revealed by time laps imaging
(100%, n = 11). (b) Negative control experiment of aurora B-HaloTag
without staining. Cell division normally occurred within 2 h after laser
exposure (0%, n = 14). (c) Time course of cell division rate in eosin-
stained or unstained cells after laser irradiation. Scale bar = 20 um.

However, there still remains a potential drawback to HaloTag-
based CAL], i.e., the CALI phenotype could be obscured by the
endogenous, unlabeled protein that is not susceptible to light
inactivation. In this point of view, conventional antibody-based
CALI would be applied in combination with eosin for spatio-
temporal inactivation of target molecules. Alternatively, perform-
ing HaloTag-based experiments in deficient cells rescued with
functional HaloTag-fusion proteins permits more complete loss
of function to be achieved. As previously shown, a modified
lentiviral system would be applicable for rapid and efficient
generation of knockdown cell lines complemented with physio-
logical levels of exogenous fusion proteins.”*

B METHODS

Gene Construction. mito-HaloTag7 expression vector was con-
structed by fusion of a duplicated mitochondrial targeting sequence
derived from the subunit VIII precursor of human cytochrome C oxidase
at the N-terminus of HaloTag7 and cloned into pcDNA3 vector
(Invitrogen), yielding mito-Halotag7-pcDNA3. To construct a vector
for keratin-HaloTag7 expression in mammalian cells, the HaloTag7
gene with an EcoRT and a Notl site at the §'- and 3’-ends, respectively, was
amplified by PCR and then substituted for mTFP1 in the mTFP1-
keratin® vector, yielding HaloTag7-keratin-pcDNA3. To construct a
vector for HaloTag7-actin expression in mammalian cells, the HaloTag7
gene with a Nhel and Xhol site at the §'- and 3'-ends, respectively, was
amplified by PCR and then substituted for EGFP in pEGFP-Actin
(Clontech), yielding pHaloTag7-Actin. To construct a vector for
HaloTag7-PKCy-mseGFP expression in mammalian cells, the Halo-
Tag7 gene with a HindIIl and a Kpnl site and a partial sequence encoding

N-terminal portion of PKC-y were amplified by PCR. The digested
fragments were cloned into pcDNA3 simultaneously with a partial
sequence encoding C-terminal portion of PKC-y obtained from the
pPKCy-DsRed1 (Clontech) by digestion with BamHI/EcoR], followed
by insertion of mseGFP at the 3'-end of PKC-y sequence using an
EcoRI/Xbal site, yielding HaloTag7-PKCy-mseGFP-pcDNA3. The
mseGFP was made by introducing mutations of MI1S3T, V163A,
$175G,** and A206K,* using a method previously described.”®

10, Measurement. 'O, was measured using anthracene-9,10-
dipropionic acid (ADPA, Invitrogen) as described previously.'® A laser
with 3 mm diameter at 0.35 W cm™ > was used to illuminate a 10-uL
sample on a Terasaki plate. Each chromophore concentration was
200 M in methanol containing 100 uM ADPA. After light exposure,
the quenching of ADPA fluorescence at 405-nm excited by 360 nm was
measured using an F-2500 fluorescence spectrophotometer (Hitachi).

Labeling Antibody with Eosin. The anti-3-galactosidase and
anti-vimentin antibodies were purchased from Cappel (no. 55976) and
Sigma (no. V4630), respectively. The antibody (S0 ug) was incubated
with 40 ug mL ™" eosin-S-isothiocyanate (Invitrogen) in 0.5 M NaH-
COj3 (pH 9.5) for 30 min at RT. The solution was then changed to SO
mM Tris-HCl (pH 7.4), 150 mM KCI using a NAP-S column (GE
Healthcare) to remove the free eosin-S-isothiocyanate dye.

CALI of -Galactosidase. The dye-labeled antibody was diluted
to 200 ug mL ™" and incubated with f-galactosidase (10 ug mL™") in
PBS. A 10-uL reaction solution was irradiated with intense light (488 nm
argon ion laser, 0.28 W cm ™ ?) for 30 s. After light exposure, the
P-galactosidase activity was measured by the reduction in 420-nm
absorption due to the cleavage of o-nitrophenyl-f3-p-galactopyranoside
(Invitrogen).

Synthesis of the HaloTag Ligand, diAc-Eosin. To synthesize
carboxyeosin diacetate, succinimidyl ester (5 mg, 5.72 x 10~° mol) and
2-[2-(6-chloro-hexyloxy)-ethoxy]-ethylammonium hydrochloride (6.6
mg, 2.86 X 10 > mol) in 1 mL of CH,Cl, was mixed with diisopropy-
lethylamine (DIPEA) (54L,3 x 10 ° mol), and stirred overnight. After
evaporation of the solvent, 1 mL of acetic anhydride was stirred with the
crude product for 0.5 h. The volatile reaction components were removed
from the crude product, which was then purified by flash chromatog-
raphy using a Teledyne Isco CombiFlash R¢ on a 2 g prepacked silica
column, with a 50% (v/v) to 75% (v/v) gradient of ethyl acetate in
heptane. Carboxyeosin diacetate, succinimidyl ester was from Invitro-
gen. All other reagents and solvents for chemical synthesis were from
Aldrich, Fisher, or VWR and were used without further purification.

CALI of Mitochondria and PKC-y. HeLa cells cultured in
Dulbecco’s modified Eagle’s medium containing 10% (v/v) heat-in-
activated fetal calf serum on a glass-bottomed dish with a 35 mm
diameter (Matsunami) were transfected with the expression vectors
using Superfect (Qiagen) according to the manufacturer’s protocol.
diAc-eosin-AM ligand was added to the growth medium 24—30 h after
transfection. After a 15-min incubation at 37 °C, the cells were washed
with PBS several times and incubated for another 30 min in growth
medium to completely remove free ligand. CALI was performed on an
inverted microscope (TE2000, Nikon) using a 60x NA1.4 oil immersion
objective (Apo-VC; Nikon). The samples were illuminated for 60 s with
green light obtained through a S40AF30 interference filter (Omega).
The light power was set to 8.8 W cm ™~ by adjusting the aperture stop in
the excitation optics. After irradiation with intense light, a DIC image or
fluorescence image of the HeLa cells was taken by illumination with a
lower-intensity light (<0.1 W cm™?) using a cooled CCD camera,
ORCA-AG (Hamamatsu Photonics) under the control of the Aqua-
Cosmos software (Hamamatsu Photonics). To induce PKCy transloca-
tion, TPA (12-O-Tetradecanoylphorbol 13-acetate) was used.

CALI of Aurora B by CW Laser. For regiospecific CALI experi-
ments, HeLa cells were arrested at G1/S transition using the double
thymidine block method.”” Ten hours after the second thymidine block,

dx.doi.org/10.1021/cb100431e |ACS Chem. Biol. 2011, 6, 401-406
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CALI and DIC imaging of the cell division was started using the
Olympus confocal inverted microscope FV1000 equipped with UPLSA-
PO 60x 1.35 numerical aperture (NA) oil objective and multi-argon ion
laser. 514 nm laser was locally exposed in the central region of aurora
B-eosin fluorescence.
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