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ABSTRACT: Chromophore-assisted light inactivation (CALI) was applied to molecule-targeted photodynamic therapy (PDT). In
order to identify organic photosensitizers suitable for CALI, the carbonic anhydrase II (CAII) ligand, 4-sulfamoylbenzoic acid 1, was
conjugated with several photosensitizers to produce compounds 2−7, whose CALI ability was evaluated by measuring their effect on
CAII enzymatic activity. Di-iodinated BODIPY (I2BODIPY) exhibited excellent CAII inactivation ability, similar to that of
Ru(bpy)3. The glucose−I2BODIPY conjugate (8) was synthesized as an inactivation of glucose transporter 1 (GLUT1), a protein
overexpressed in many cancer cells. Under light irradiation, 8 exhibited concentration-dependent cytotoxicity with half maximal
inhibitory concentration (IC50) values of 5.49, 11.14, and 8.73 μM, against human cervical carcinoma (HeLa), human lung
carcinoma (A549), and human hepatocellular carcinoma (HepG2) cell lines, respectively. The GLUT1 inhibitor phloretin
suppressed the cytotoxicity induced by 8 under light irradiation in a concentration-dependent manner. Western blot analysis
indicated that GLUT1 was not detected in cell lines treated with 10 μM 8 under light irradiation. Furthermore, 8 reduced the levels
of epidermal growth factor receptor tyrosine kinase (EGFR), phospho-ERK (Y204), and GLUT1 without affecting ERK, α-tubulin,
and PCNA protein levels, whereas talaporfin sodium, a clinically approved photosensitizer for PDT, nonspecifically reduced
intracellular protein levels in HeLa cells, indicating that 8 has a GLUT1-specific inactivation ability and causes light-induced
cytotoxicity by modulating the EGFR/MAPK signaling pathway.

1. INTRODUCTION
Chromophore-assisted light inactivation (CALI) is an innova-
tive approach aimed at specifically inactivating target proteins
using photosensitizers that generate reactive oxygen species
following irradiation of light.1 In the CALI approach, small dye-
conjugated antibodies and proteins,2,3 or fluorescent fusion
proteins,4 have been widely employed to achieve the light-
triggered oxidative and specific oxidative inactivation of target
molecules.5 Although various dyes have been identified as
photosensitizers,6 tris(bipyridine)ruthenium(II) chloride (Ru-
(II)(bpy)32+) has been found to exhibit a high photocatalytic
activity for singlet oxygen generation, and the peptoid−
ruthenium conjugates have been observed to display significant
CALI efficiency in the inactivation of target proteins as a result of
visible light irradiation (Figure 1).7,8 We have also recently
reported the ruthenium−photocatalyzed selective CALI of
epidermal growth factor receptor tyrosine kinase (EGFR-
PTK), which plays an important role in cell growth signaling.9,10
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Figure 1. Strategy applied in this study to develop a molecule-targeted
photodynamic cancer therapy.
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Glucose is an important energy source for living cells in the
context of ATP production; indeed, glucose is selectively taken
up into the cells via glucose transporter proteins (GLUTs).
Notably, even under aerobic conditions, cancer cells consume
large amounts of glucose that is utilized for glycolysis rather than
for the oxidative phosphorylation of mitochondria for ATP
production, through a phenomenon known as the Warburg
effect.11,12 In fact, various proteins involved in glucose
metabolism have been predicted to be attractive molecular
targets for cancer therapy, and several inhibitors targeting these
proteins are under clinical development as novel cancer
therapeutic agents.13,14 In particular, given that the over-
expression of glucose transporter 1 (GLUT1) has been observed
in most cancer cells,15,16 GLUT1 has attracted a great deal of
attention as a potential molecular target in cancer therapy.

In this study, we focused on GLUT1 as a target protein for
CALI having a goal for the development of photodynamic
therapy (PDT), which is a minimally invasive treatment
affording the means to damage and destroy localized tumors
through the photoactivation of photosensitizers.17,18 Talaporfin
sodium, as a photosensitizer, is widely used in Japan for the

clinical treatment of early-stage lung cancers,19 primary
malignant brain tumors,20 and local residual recurrent
esophageal cancers.21 Recently, cetuximab sarotalocan sodium,
an antibody-drug conjugate that combines the anti-epidermal
growth factor receptor (EGFR) antibody cetuximab with the
photosensitizer IR700, has been approved for the treatment of
head and neck cancers.22−24 Indeed, cetuximab sarotalocan
sodium is the first molecule-targeted PDT agent. We speculated
that the specific knockdown of GLUT1 might result in cancer
cell-specific cytotoxicity. Although several reports have been
published on conjugates of glucose and photosensitizers that
display tumor-selective accumulation via GLUTs,25,26 the
present study represents the first demonstration of PDT based
on GLUT1-selective protein knockdown. In detail, we evaluated
the protein inactivation ability of several photosensitizers and
found di-iodinated boron dipyrromethene (I2BODIPY) to
exhibit excellent protein inactivation activity in vitro. Further-
more, glucose-conjugated I2BODIPY exhibited remarkable
antitumor activity via specific inactivation of GLUT1 protein
in cells, proving the development of the first small molecule-
based molecule-targeted PDT agent.

Figure 2. Screening of photosensitizers affording chromophore-assisted light inactivation carried out with the in vitro carbonic anhydrase II (CAII)
assay system. (A) Structures of the CAII ligand 4-sulfamoylbenzoic acid (1) and the 1-based photosensitizer complexes prepared in this study (2−7).
(B,C) Data reflecting the CAII inhibitory activity of the CAII ligand and of the ligand-derived photosensitizer complexes. The assays were conducted
by incubating 1 μM recombinant human CAII in 10 mM MES buffer (pH 7.4) with the solutions of each of the compounds at 4 °C for 1 h;
subsequently, (C) the samples were irradiated with light at the indicated wavelengths for 1 h. CAII activity was evaluated by adding 1 mM p-
nitrophenyl acetate to the reaction mixture and monitoring the obtained solution’s absorbance at 340 nm.
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2. RESULTS AND DISCUSSION

2.1. Screening of Photosensitizers for CALI. In a
previous published study, we determined that several organic
photocatalysts generate radical species by singlet electron
transfer with excellent cell permeability in intracellular photo-
catalytic-proximity labeling (iPPL).27 However, whether or not
these photocatalysts are effective for CALI remains unclear.

Therefore, in order to investigate this issue, herein, carbonic
anhydrase II (CAII) was selected as a target protein model and
4-sulfamoylbenzoic acid (1) as its ligand; indeed, the protein
inactivation ability of 1 implemented the in vitroCAII enzymatic
assay. Because CAII exhibits esterase activity, its enzymatic
activity was measured by detecting its ability to hydrolyze p-
nitrophenyl acetate.28 First, we designed and synthesized the
CAII ligand-conjugated photosensitizers 2−7 (Figure 2A).

Figure 3. Evaluation of the bioactivity of compound 8 for chromophore-assisted light inactivation targeting glucose transporter 1 (GLUT1) in cancer
cells. (A) Structure of compound 8. (B) Data reflecting the antitumor activity of compound 8. Cells (HeLa, A549, and HepG2) were cultured in a 96-
well plate and treated with compound 8 at the indicated concentrations for 1 h. The cells were then washed with phosphate-buffered saline (PBS) and
irradiated with light at 540 nm wavelength. After 72 h of culture in Dulbecco’s modified Eagle’s medium (DMEM), thiazolyl blue tetrazolium bromide
(MTT) to a final concentration of 0.5 mg/mL was added to the cell cultures, which were then incubated for 4 h at 37 °C. The medium was removed,
and the MTT formazan product was dissolved in dimethyl sulfoxide (DMSO). The amount of this product was determined by measuring the
absorbance at 570 nm using a microplate reader. IC50: half maximal inhibitory concentration. (C) Results of the western blot analyses conducted to
evaluate the light irradiation-dependent protein knockdown ability of compound 8. Cells were treated with 10 μM compound 8 or a blank solution for
1 h and then washed with PBS; they were then irradiated with light at 540 nm wavelength for 15 min (lanes 2 and 4) or 30 min (lane 6). The cells were
subsequently lysed at 4 °C by sonication, and the resulting samples were electrophoresed on sodium dodecyl sulfate (SDS)−polyacrylamide gel and
transferred to polyvinylidene difluoride membranes. The samples thus obtained were immunoblotted with anti-GLUT1, anti-α-tubulin, and anti-
PCNA antibodies. (D) Results of the evaluation of the ability of compound 8 to effect the light irradiation-dependent knockdown of GLUT1 by
immunofluorescence analysis. Cells were treated with 10 μM compound 8 or a blank solution for 1 h and then washed with PBS; they were irradiated
with light at 540 nm wavelength for 15 min. The cells were fixed, and then, the samples were immunoblotted with anti-GLUT1 antibody. Scale bars:
100 μm. (E) Results of GLUT1 inhibitor phloretin competition assays conducted on compound 8. Cells were cultured in a 96-well plate and treated
with 10 μM compound 8 and phloretin at the indicated concentrations for 10 min. The cells were washed with PBS and irradiated with light at 540 nm
wavelength for 15 min. After 72 h culture in DMEM, MTT was added to a final concentration of 0.5 mg/mL, and the resulting cell culture was
incubated for 4 h at 37 °C. The medium was removed, and the MTT formazan product was dissolved in DMSO. The amount of MTT formazan was
determined by measuring the absorbance at 570 nm using a microplate reader.
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Ru(bpy)3 is a well-known photosensitizer used for CALI that
causes oxidative damage against biomolecules via singlet oxygen
production and photo-induced electron transfer by light
irradiation, and its CAII ligand-conjugate 2 was used as a
positive control in the CAII inactivation investigation.7−10 The
4-nitrobiphenyl moiety of compound 3 was found by Yuasa and
co-workers as a low molecular weight photosensitizer to be
characterized by a significant photosensitizing ability resulting
from the intersystem crossing of a twist-assisted spin−orbit
charge transfer.29 Coumarin, which is present as a moiety in
compound 4, and/or BODIPY, which is present in compounds
5−7, has been observed to be highly cell permeable and to
produce high levels of singlet oxygen.27 In particular, the di-
brominated and di-iodinated BODIPY derivatives 6 and 7,
respectively, were expected to accommodate higher excitation
wavelengths.30 Details of the synthesis of these compounds are
described in the Materials and Methods and Supporting
Information.

Next, we evaluated the inhibitory effect of CAII ligand-
conjugated photosensitizers 2−7 on the enzymatic activity of
CAII. In detail, CAII was incubated in the presence of each of
the photosensitizers, in the same equivalent molar ratio, for 1 h
at 4 °C, and then the CAII activity was measured based on the
absorbance of p-nitrophenyl acetate at 340 nm. As shown in
Figure 2B, all compounds except 2 exhibited a level of CAII
inhibitory activity with similar levels to that of ligand 1 (ca. 90%
inhibition). On the other hand, compound 2 exhibited lower
inhibitory activity (ca. 70% inhibition). These results indicate
that the synthesized compounds 3−7 bind to CAII and inhibit
its enzymatic activity to a similar level as 1. Notably, the fact that
compound 2 displayed a lower CAII inhibitory activity than the
other compounds may be due to the molecular size of the
Ru(bpy)3 complex. In fact, the relatively large molecular size of
this complex may suppress its binding to the CAII enzymatic
pocket, resulting in a reduction of the CAII inhibitory activity of
compound 2 with respect to those of compounds 3−7.

We subsequently evaluated the protein-inactivating activity of
the synthesized compounds 2−7 as photosensitizers. CAII was
incubated with 10 equivalents of the various compounds, and
the reaction mixtures were irradiated with light of the
appropriate wavelength for each photosensitizer; specifically,
the excitation wavelength of compounds 1 and 3 was at 365 nm;
that of compounds 2, 4, and 5 was at 455 nm; and that of
compounds 6 and 7was at 540 nm (see Table S1, Figures S1 and
S2). Afterward, the enzymatic activity of CAII was measured by
spectrophotometrically monitoring the concentration of p-
nitrophenyl acetate. The results are summarized in Figure 2C.
Among the compounds synthesized, 2, 6, and 7 exhibited
significant inhibition of CAII enzymatic activity, with the
original activity dropping to 50.7, 56.7, and 56.1%, respectively,
under light irradiation; by contrast, compounds 3−5 afforded a
lower level of CAII inactivation than compounds 2, 6, and 7.
These results indicate that the compounds comprising the
dibrominated and di-iodinated BODIPY moieties (compounds
6 and 7, respectively) are characterized by excellent protein
inactivation abilities, which are similar in magnitude to that of
the compound comprising the Ru(bpy)3 moiety (compound 2).
In addition, these BODIPY derivatives achieved CAII
inactivation by being subjected to irradiation with light at 540
nm wavelength, which is longer than the wavelength utilized in
the case of the Ru(bpy)3 complex.

2.2. CALI Targeting GLUT1. Because di-iodinated BODIPY
(I2BODIPY) was found to possess an excellent protein

inactivation ability in the screening of photosensitizers for
CALI, we went on to investigate protein inactivation targeting
GLUT1, a glucose transporter known to be overexpressed in
many cancer cells. We designed compound 8 as a photo-
sensitizer targeting GLUT1, and we synthesized it from glucose
azide and alkynyl I2BODIPY implementing a Cu-catalyzed click
reaction (Figure 3A). Notably, the attachment of glucose to
I2BODIPY was found to have no effect on singlet oxygen
production ability of I2BODIPY; in fact, compound 8 exhibited
excellent singlet oxygen production ability (Figure S3).
Compound 8 was then utilized in cell viability experiments
conducted using three human cancer cell lines known to
overexpress GLUT1: HeLa (human cervical carcinoma), A549
(human lung carcinoma), and HepG2 (human hepatocellular
carcinoma) cells. Cell viability was measured by implementing
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. As shown in Figure 3B, under light
irradiation, compound 8 exhibited a concentration-dependent
cytotoxicity against these cancer cell lines; however, such
cytotoxicity was not observed in the absence of light irradiation.
Interestingly, I2BODIPY itself exhibited strong cytotoxicity
against these human cancer cell lines even in the absence of light
irradiation (Figure S4). These results indicate that compound 8
possesses sufficient photosensitizing ability to exhibit significant
cytotoxicity and that the glucose conjugation contributes to the
suppression of the cytotoxicity of I2BODIPY.

In order to determine whether the light-induced cytotoxicity
of compound 8 was caused by the inactivation of GLUT1, we
performed western blot analysis of GLUT1 expression in cells
incubated in the presence of compound 8, with and without light
irradiation. As shown in Figure 3C, GLUT1 was not detected in
the cell lines treated with compound 8 under light irradiation
(lanes 4 and 6), whereas GLUT1 was detected in cells treated
with compound 8 at 10 μM concentration, under no light
irradiation (lanes 3 and 5), in cells subjected to light irradiation
in the absence of compound 8 (lane 2), and in cells in the
negative control (lane 1). We also measured the GLUT1 protein
expression in each cell line by immunostaining using an anti-
GLUT1 antibody. As shown in Figure 3D, a reduction in the
intensity of the fluorescent signals due to GLUT1 was observed
in the cells treated with compound 8. These results demonstrate
that compound 8 selectively interacts with GLUT1 and oxidizes
it under light irradiation, resulting in the conversion of GLUT1
into a derivative that is undetectable by immunoblotting
analysis. Although GLUT1 is a membrane protein, it has been
reported that its subcellular localization switches to the
endosomes in response to intracellular glucose concentration.31

In fact, fluorescence signals due to GLUT1 were also observed
intracellularly (Figure 3D; DMSO control), and the accumu-
lation of compound 8 was observed inside the cells (Figure S5).
Hence, both membrane-localized and intracellular GLUT1
proteins were oxidatively inactivated. Finally, we determined
whether the light-induced cytotoxicity of compound 8 was
suppressed by the addition of a GLUT1 inhibitor. Phloretin is a
well-known GLUT1 inhibitor that suppresses glucose transport
into the cells.32,33 Thus, phloretin was expected to reduce the
light-induced cytotoxicity of compound 8 by inhibiting the
binding of this compound to GLUT1. As expected, phloretin
suppressed the cytotoxicity induced by compound 8 under light
irradiation in a concentration-dependent manner (Figure 3E).
These results provide evidence that the cytotoxicity caused by
compound 8 is due to the light-induced inactivation of GLUT1.
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2.3. Investigating whether Compound 8 Antitumor
Activity Is Mediated by the EGFR/MAPK Signaling
Pathway. GLUT1 promotes cell proliferation, migration, and
invasion via regulation of the EGFR/MAPK and integrin β1/
Src/FAK signaling pathways in cancer cells.34 To determine
whether the light-induced cytotoxicity of compound 8 is
mediated by a GLUT1-related signal pathway, we evaluated
the effect of the CALI of GLUT1 on the EGFR/MAPK signal
pathway. Talaporfin sodium, a photosensitizer approved as a
PDT drug, exhibited antitumor activity by oxidizing various
molecules in cells, so it was herein used as a control (Figure
S6).35,36 HeLa cells were incubated with compound 8 or
talaporfin sodium under light irradiation at the appropriate
wavelength for either compound as described above, and the
protein levels were measured by performing western blot
analysis. As shown in Figure 4, compound 8 reduced the levels of

EGFR, phospho-ERK (Y204), and GLUT1 in the cells, whereas
the levels of ERK, α-tubulin, and PCNA were not affected by
compound 8. On the other hand, talaporfin sodium resulted in
the nonspecific reduction of intracellular protein levels. These
results suggest that the PDT mechanisms of compound 8 and
sodium talaporfin are different, with compound 8 suppressing
cancer cell proliferation by selective oxidative inactivation of
GLUT1 and inhibition of its downstream EGFR/MAPK
signaling pathway, whereas talaporfin sodium suppresses cancer
cell proliferation by oxidative inactivation of various intracellular
proteins, indicating that compound 8 exhibits an ability to
specifically inactivate GLUT1 and causes light-induced
cytotoxicity by modulating the EGFR/MAPK signaling path-
way.

3. CONCLUSIONS
We hereby demonstrated intracellular CALI for molecule-
targeted PDT. A photosensitizer characterized by high singlet
oxygen production and cell membrane permeability is essential
for the molecule-targeted PDT. We synthesized several CAII

ligand-conjugated photosensitizers and evaluated their protein
inactivation ability using CAII as a protein inactivation model in
vitro. I2BODIPY was found to exhibit excellent protein
inactivation ability under the irradiation of light at 540 nm
wavelength. Moreover, we synthesized a glucose-conjugated
I2BODIPY, compound 8, which was observed to target GLUT1
for cancer cell-specific molecule-targeted PDT. We found
compound 8 to afford excellent GLUT1-specific protein
inactivation, without affecting other housekeeping proteins,
such as α-tubulin and PCNA; indeed, treatment with compound
8 resulted in significant light-induced cytotoxicity mediated by
modulation of the EGFR/MAPK signaling pathway. These
results demonstrate the potential of a novel molecule-targeted
PDT and postulate spatiotemporally controllable drug discovery
through the light-induced selective inactivation of tumor-
specific proteins.

4. MATERIALS AND METHODS
4.1. Synthesis of CAII Ligand-Conjugated Ru(bpy)3

Complex (2). Compound 2 was synthesized according to the
previously reported procedure.37

4.2. Synthesis of CAII Ligand-Conjugated 4-Nitro-
biphenyl Complex (3). Compound 15 (36.2 mg, 0.18 mmol)
was dissolved in 2 mL of dimethylformamide (DMF), and to the
obtained solution were added 4-sulfomoylbenzoic acid (21 mg,
0.10 mmol), EDCI·HCl (21.4 mg, 0.14 mmol), HOBT·H2O
(23.3 mg, 0.17 mmol), and DIEA (29.8 mg, 0.23 mmol). After
stirring the obtained mixture at room temperature overnight, it
was poured into ethyl acetate (EtOAc). The organic layer was
washed with saturated NaHCO3 (aq) and dried over Na2SO4.
The crude product was purified by column chromatography on
silica gel (eluent, hexane/EtOAc = 1:3) to obtain compound 3
as a pale yellow solid (33.4 mg, 0.07 mmol; yield, 58%). 1H
NMR (400 MHz, DMSO-d6): δ 8.64 (1H, t, J = 5.2 Hz), 8.27
(2H, d, J = 8.8 Hz), 7.99 (2H, d, J = 8.2 Hz), 7.90 (4H, t, J = 8.3
Hz), 7.74 (2H, d, J = 9.0 Hz), 7.47 (2H, s), 7.08 (2H, d, J = 8.2
Hz), 4.04 (2H, t, J = 6.5 Hz), 3.29 (2H, t, J = 6.3 Hz), 1.80−1.71
(2H, m), 1.61−1.53 (2H, m), 1.52−1.35 (4H, m); 13C NMR
(125 MHz, DMSO-d6): δ 165.55, 160.12, 146.79, 146.59,
146.49, 138.10, 131.89, 130.28, 129.02 (x2), 128.24 (x2),
127.43 (x2), 126.04 (x2), 124.54 (x2), 115.66 (x2), 68.14,
29.39, 29.02, 26.68, 25.73; HRMS (ESI, Positive):m/z calcd. for
C25H27N3O6S, [M + Na]+: 520.1513; found, 520.1523. Purity:
99.7% [Reverse-phase HPLC (C18 column), retention time =
18.40 min, 20−50% MeCN/H2O containing 0.1% formic acid].

4.3. Synthesis of CAII Ligand-Conjugated Coumarin
Complex (4). Compound 18 (19.4 mg, 0.05 mmol) was
dissolved in 2 mL of DMF, and to the obtained solution were
added N-(6-aminohexyl)-4-sulfamoylbenzamide (11; 15 mg,
0.05 mmol), EDCI·HCl (11.5 mg, 0.06 mmol), and HOBT·
H2O (11.5 mg, 0.08 mmol). After stirring the obtained mixture
at room temperature overnight, it was poured into EtOAc. The
organic layer was washed with ice water, 1 M HCl (aq), and
saturated NaHCO3 (aq); it was then dried over Na2SO4. The
crude product was purified by GPC (eluent, dichloromethane/
methanol = 10:1) to obtain compound 4 as a yellow solid (19.6
mg, 0.03 mmol; yield, 59%). 1H NMR (CDCl3, 500 MHz): δ
8.79 (1H, t, J = 5.7 Hz), 8.67 (2H, s), 8.09 (2H, s), 7.76 (2H, s),
6.91 (2H, s), 6.04 (1H, s), 3.41 (4H, s), 3.22 (4H, q, J = 7.0 Hz),
1.63−1.54 (5H, m), 1.40 (5H, d, J = 0.7 Hz), 1.25 (3H, s), 1.10
(1H, t, J = 7.1 Hz); 13C NMR (125 MHz, CDCl3): δ 166.6,
162.1, 161.7, 158.2, 155.5, 147.1, 144.8, 141.2, 138.4, 127.9,
126.4, 115.7, 115.4, 109.7, 91.4, 46.8 (x2), 40.2, 39.7, 29.8, 29.3,

Figure 4. Results of the investigation aimed at identifying the
intracellular signaling pathway involved in the knockdown of glucose
transporter 1 (GLUT1) by compound 8. Cells were treated with
compound 8 or talaporfin sodium for 1 h and then washed with
phosphate-buffered saline; they were then irradiated with light at the
indicated wavelengths. The cells were lysed at 4 °C by sonication; the
sample was then electrophoresed on sodium dodecyl sulfate-
polyacrylamide gel and transferred to polyvinylidene difluoride
membranes. The samples thus obtained were immunoblotted with
anti-EGFR, anti-ERK1/2, anti-phospho-ERK (Tyr204), anti-GLUT1,
anti-α-tubulin, and anti-PCNA antibodies.
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29.2, 26.4, 26,3, 12.3 (x3). HRMS (ESI, Positive):m/z calcd. for
C27H33IN4O6S, [M + Na]+: 691.1058; found, 691.1059. Purity:
99.5% [Reverse-phase HPLC (C18 column), retention time =
18.03 min, 20−50% MeCN/H2O containing 0.1% formic acid].

4.4. Synthesis of CAII Ligand-Conjugated BODIPY
Complex (5). Compound 23 (38mg, 0.12mmol) was dissolved
in 5 mL of DMF, and to the obtained solution were added
EDCI·HCl (30 mg, 0.15 mmol) and HOBT·H2O (30 mg, 0.19
mmol). After stirring the obtained mixture at room temperature
for 10 min, 11 (43 mg, 0.14 mmol) was added to it. The mixture
was then further stirred overnight at room temperature and
poured into EtOAc. The organic layer was washed with ice
water, saturated NH4Cl (aq), saturated NaHCO3 (aq), and
brine; it was then dried over Na2SO4. The crude product was
purified by column chromatography on silica gel (eluent,
dichloromethane/methanol = 15:1) to obtain compound 5 as a
red solid (47.8 mg, 0.08 mmol; yield, 65%). 1H NMR (400
MHz, CDCl3): δ 8.62 (1H, t, J = 5.2 Hz), 7.98 (2H, d, J = 8.6
Hz), 7.89 (3H, d, J = 8.4 Hz), 7.68 (1H, s), 7.47 (2H, s), 7.09
(1H, d, J = 3.9 Hz), 6.35 (1H, d, J = 4.2 Hz), 6.30 (1H, s), 3.26
(2H, q, J = 6.4 Hz), 3.11−3.03 (4H, m), 2.48 (3H, s), 2.26 (3H,
s), 1.58−1.48 (3H, m), 1.45−1.37 (2H,m), 1.36−1.21 (5H,m);
13C NMR (125 MHz, DMSO-d6): δ 171.06, 165.54, 159.56,
158.41, 146.56, 144.51, 138.09, 134.89, 133.45, 129.36, 128.24
(x2), 126.04 (x2), 125.76, 120.71, 117.06, 38.94, 34.26, 29.54,
29.44 (x2), 26.66, 26.60, 24.52, 14.95, 11.44; HRMS (ESI,
Positive): m/z calcd. for C27H34BF2N5O4S, [M + Na]+:
596.2290; found, 596.2281. Purity: 97.4% [Reverse-phase
HPLC (C18 column), retention time = 2.75 min, 50%
MeCN/H2O containing 0.1% formic acid].

4.5. Synthesis of CAII Ligand-Conjugated di-bromina-
tion BODIPY Complex (6). Compound 25 (29 mg, 0.07
mmol) was dissolved in 3 mL of DMF, and to the obtained
solution were added EDCI·HCl (15 mg, 0.08 mmol) and
HOBT·H2O (15mg, 0.09 mmol). After stirring the mixture thus
obtained at room temperature for 10 min, 11 (21.4 mg, 0.07
mmol) was added to it. The mixture was further stirred
overnight at room temperature and poured into EtOAc. The
organic layer was washed with ice water, saturated NH4Cl (aq),
saturated NaHCO3 (aq), and brine; it was then dried over
Na2SO4. The crude product was purified by column
chromatography on silica gel (eluent, dichloromethane/
methanol = 15:1) to obtain compound 6 as a red solid (31.2
mg, 0.04 mmol; yield, 66%). 1HNMR (DMSO-d6, 500MHz): δ
8.63 (1H, t, J = 5.6 Hz), 8.32 (0H, s), 7.99 (1H, d, J = 7.9 Hz),
7.90 (3H, d, J = 7.9Hz), 7.69 (1H, s), 7.48 (2H, s), 7.09 (1H, d, J
= 3.9 Hz), 6.35 (1H, d, J = 3.7 Hz), 6.30 (1H, s), 3.27 (4H, q, J =
6.7 Hz), 3.08 (2H, q, J = 6.3 Hz), 2.26 (2H, s), 1.53 (2H, t, J =
7.2 Hz), 1.41 (2H, t, J = 6.8 Hz), 1.31 (5H, s). 13C NMR (125
MHz, DMSO): δ 171.07, 165.54, 146.55. 138.06, 134.89,
133.43, 129.38, 128.26 (x2), 126.05 (x3), 125.79, 120.73,
117.07, 79.63, 38.93, 34.23, 29.55 (x2), 29.43, 26.66 (x2), 26.60,
24.50, 14.97, 11.45. HRMS (ESI, Positive): m/z calcd. for
C27H32BF2I2N5O4S, [M + Na]+: 754.0481; found, 754.0482.
Purity: 94.3% [Reverse-phase HPLC (C18 column), retention
time = 1.33 min, 50% MeCN/H2O containing 0.1% formic
acid].

4.6. Synthesis of CAII Ligand-Conjugated Di-iodina-
tion BODIPY Complex (7). Compound 27 (29 mg, 0.05
mmol) was dissolved in 5 mL of DMF, and to the obtained
solution were added EDCI·HCl (13 mg, 0.07 mmol) and
HOBT·H2O (13 mg, 0.08 mmol). After stirring the thus
obtained mixture at room temperature for 10 min, 11 (18 mg,

0.06mmol) was added to it. Themixture was then further stirred
overnight at room temperature and poured into EtOAc. The
organic layer was washed with ice water, saturated NH4Cl (aq),
saturated NaHCO3 (aq), and brine; it was then dried over
Na2SO4. The crude product was purified by column
chromatography on silica gel (eluent, dichloromethane/
methanol = 15:1) to obtain compound 7 as a red solid (21
mg, 0.03 mmol; yield, 63%). 1H NMR (DMSO-d6, 500MHz): δ
8.63 (1H, t, J = 5.6 Hz), 7.99 (1H, d, J = 8.6 Hz), 7.99 (1H, d, J =
8.6 Hz), 7.90 (2H, d, J = 8.0 Hz), 7.89 (2H, d, J = 8.6 Hz), 7.83
(1H, s), 7.82 (1H, s), 7.48 (2H, s), 7.40 (1H, s), 3.27 (2H, q, J =
6.7 Hz), 3.07 (2H, q, J = 6.2 Hz), 2.53 (3H, s), 2.37 (2H, t, J =
8.6 Hz), 2.22 (2H, s), 1.54 (2H, t, J = 6.9 Hz), 1.43 (2H, t, J = 6.9
Hz), 1.28 (5H, t, J = 23.5 Hz); 13C NMR (125 MHz, DMSO-
d6): δ 170.27, 165.55, 160.54, 158.17, 147.89, 146.82, 146.47,
138.07, 135.94, 134.64, 128.24 (x2), 126.04 (x2), 86.01, 79.53,
76.10, 39.03, 34.23, 29.54 (x2), 29.40, 26.65 (x2), 24.91, 16.17,
13 .99 . HRMS (ESI , Pos i t i v e) : m/z ca l cd . f o r
C27H32BF2I2N5O4S, [M + Na]+: 848.0223; found, 848.0225.
Purity: 98.7% [Reverse-phase HPLC (C18 column), retention
time = 1.48 min, 70% MeCN/H2O containing 0.1% formic
acid].

4.7. Synthesis of GLUT1 Ligand Glucose-Conjugated
Di-iodination BODIPY Complex (8). 2-Azidoethyl β-D-
glucopyranoside (20 mg, 0.08 mmol), CuSO4·5H2O (17 mg,
0.07mmol), and L-ascorbic acid sodium salt (14mg, 0.07mmol)
were dissolved in 5 mL of H2O, and to the obtained solution was
added a solution of compound 28 (40 mg, 0.07 mmol) in 7 mL
of tetrahydrofuran (THF). After stirring the obtained mixture at
room temperature for 45 min, it was poured into EtOAc. The
biphasic mixture thus obtained was extracted using a separatory
funnel, and the organic layer was separated; the said layer was
then washed with brine and subsequently dried over brine and
Na2SO4. The crude product was purified by column
chromatography on silica gel (eluent, dichloromethane/
methanol = 10:1) to obtain compound 8 as a dark red
amorphous solid. (8.7 mg, 0.01 mmol, 14%). 1H NMR
(CH3OD, 400 MHz): δ 8.44 (1H, s), 8.03 (1H, s), 7.58 (1H,
s), 7.30 (1H, s), 4.65 (1H, t, J = 4.9 Hz), 4.48 (1H, s), 4.33 (2H,
s), 4.29−4.23 (2H, m), 4.06−3.97 (1H, m), 3.88 (1H, d, J = 10.4
Hz), 3.76−3.50 (3H,m), 3.30 (2H, s), 3.22 (3H, dd, J = 9.3, 17.5
Hz), 2.61 (2H, s), 2.28 (2H, s), 1.32 (6H, s); 13C NMR (125
MHz, DMSO): δ 170.86, 160.80, 157.62, 148.12, 136.00,
134.54, 125.44, 124.33, 103.29, 85.13, 81.50, 77.17, 76.88,
76.24, 73.68 (x2), 70.44, 67.84, 61.50, 50.17, 34.68, 34.00, 24.76,
16.12, 13.93. HRMS (ESI, Positive): m/z calcd. for
C25H31BF2I2N6O7, [M + Na]+: 853.0301; found, 853.0322.
Purity: 98.0% [Reverse-phase HPLC (C18 column), retention
time = 6.41 min, 50% MeCN/H2O containing 0.1% formic
acid].

4.8. In Vitro Assay. All compounds were prepared as 10 mM
DMSO solutions, which were subsequently diluted to the
indicated concentrations using 10 mM MES buffer (pH 7.4).
The assays were conducted by incubating a 1 μM recombinant
human CAII solution and each compound solution at 4 °C for 1
h; afterward, the mentioned solutions were irradiated with light
at the appropriate wavelength. Subsequently, CAII activity was
evaluated by adding 1 mM p-nitrophenyl acetate to the reaction
mixture and monitoring the solution’s absorbance at 340 nm. In
order to prepare the blank, the p-nitrophenyl acetate solution
was replaced by the pure 10 mM MES buffer. The CAII activity
was defined as follows: absorbance = absorbance of compounds
treatment − absorbance of blank. The relative rate of CAII
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activity was expressed by comparison with the absorbance that
was obtained from compound non-treatment at 20 min, which
was taken as 100%.

4.9. Cell Cultures. Human cervical carcinoma HeLa cells,
human lung carcinoma A549 cells, and human hepatocellular
carcinoma HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical
Corporation, Japan) that was supplemented with 10% (v/v)
fetal bovine serum and 1% penicillin/streptomycin solution
(Thermo Fisher Scientific, Inc., USA) at 37 °C in 5% CO2.

4.10. MTT Assay. Cells were cultured in a 96-well plate and
treated with the various compounds for 1 h. They were then
washed with phosphate-buffered saline (PBS) and irradiated
with light at the indicated wavelength. After 72 h of culture in
DMEM, 0.5 mg/mL MTT (Merck KGaA) was added to the
DMEM culture, which was then incubated for 4 h at 37 °C. The
mediumwas then removed, and theMTT formazan product was
dissolved inDMSO. The amount ofMTT formazan product was
determined by measuring the absorbance of the DMSO solution
at 570 nm using a microplate reader (Infinite F200, Tecan Japan
Co., Ltd., Japan).

4.11. Western Blot. Cells were treated with the various
compounds for 1 h and then washed with PBS; subsequently,
they were irradiated with light at the indicated wavelength.
Afterward, the cells were lysed using the RIPA buffer, which
consisted of 50 mM Tris−HCl (pH 8.0), 150 mM sodium
chloride, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium
dodecyl sulfate (SDS), 1.0% (w/v) NP-40 substitute, and
protease inhibitor cocktail (Sigma-Aldrich, USA), at 4 °C under
sonication. The amounts of proteins present in each lysate were
measured utilizing the BCA protein assay reagent (Thermo
Fisher Scientific, Inc., USA). A 5× sample buffer consisting of
250 mM Tris−HCl (pH 6.8), 625 mM 2-mercaptoethanol, 10%
(w/v) SDS, 0.125% (w/v) bromophenol blue (BPB), and 10%
(w/v) glycerol was added to each cell lysate. The mixtures thus
obtained were boiled at 98 °C for 5 min, electrophoresed on
SDS-polyacrylamide gel, and transferred to polyvinylidene
difluoride membranes. These obtained samples were immuno-
blotted with anti-EGFR (#sc-03, Santa Cruz Biotechnology,
Inc., USA), anti-ERK1/2 (#ADI-KAP-MA001, Enzo Life
Sciences, Inc., USA), anti-phospho-ERK (Tyr204) (#sc-7976,
Santa Cruz Biotechnology, Inc., USA), anti-GLUT1
(#ab115730, abcam, UK), anti-α-tubulin (#013-25033, FUJI-
FILM Wako Pure Chemical Corporation, Japan), and anti-
PCNA (#60097-1-Ig, Proteintech, USA) antibodies. Signals
were detected with ECL using ImmunoStar LD (FUJIFILM
Wako Pure Chemical Corporation, Japan) or Immobilon Forte
Western HRP substrates (Merck KGaA, USA).

4.12. Immunofluorescence. Cells were treated with the
various compounds for 1 h and washed with PBS; subsequently,
they were irradiated with light at the indicated wavelength. Next,
the cells were fixed by treating them with PBS containing 4%
paraformaldehyde for 20 min and permeabilized by treating
them with 0.1% (v/v) Triton X-100 for 10 min. After blocking
with 2% bovine serum albumin for 30 min, the fixed cells were
incubated with mouse anti-GLUT1 antibody and Alexa Fluor
647-conjugated goat anti-mouse IgG (#ab150115, abcam, UK)
for 1 h. The fluorescence signals were recorded using a confocal
laser microscope (LMS780 spectral confocal system, Zeiss Co.,
Ltd., Germany).
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