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ABSTRACT: Supramolecular nanomaterials responsive to
specific intracellular proteins should be greatly promising for
protein sensing and imaging, controlled drug release or
dynamic regulation of cellular processes. However, valid
design strategies to create useful probes are poorly developed,
particularly for proteins inside living cells as targets. We
recently reported a unique supramolecular strategy for specific
protein detection using self-assembling fluorescent probes
consisting of a protein ligand and a fluorophore on the live cell
surface, as well as in test tube settings. Herein, we discovered
that our self-assembled supramolecular probes having a rhodamine derivative (tetramethylrhodamine or rhodamine-green) can
incorporate and stay as less-fluorescent aggregates inside the living cells, so as to sense the protein activity in a reversible manner.
Using the overexpressed model protein (dihydrofolate reductase), we demonstrated that this turn-on/off mode is controlled by
selective ligand−protein recognition inside the live cells. Not only such a model protein, but also endogenous human carbonic
anhydrase and heat shock protein 90 were specifically visualized in living mammalian cells, by use of the similar ligand-tethered
supramolecular probes. Furthermore, such reversibility allowed us to intracellularly construct a unique system to evaluate the
inhibitors affinity toward specific endogenous proteins in live cells, highlighting the potential of dynamic supramolecules as novel
intelligent biomaterials.

■ INTRODUCTION

Proteins are involved in all biological events, and as such, their
localization, expression level and functions are dynamically
regulated in live cells.1,2 Therefore, protein-responsive materials
should hold promise for specific protein sensing, live imaging,
controlled drug release, and regulation of cellular processes.3,4

The use of supramolecular nanomaterials in response to
selective proteins in live cells is attractive because of their
dynamic reversibility and potentially high biodegradability.5,6

Cell surface proteins as therapeutic and/or diagnostic
biomarkers are easiliy accessible for synthetic biomaterials,
and thus, many promising nanomaterials have been devel-
oped.7,8 In contrast, intracellular proteins are known to be
extremely difficult to target, and the development of supra-
molecular nanomaterials that are responsive to “intracellular
proteins” remains challenging. There are various obstacles that
must be overcome for nanomaterials to be workable inside
living cells, including sufficient cell permeability through
biomembranes, high target protein specificity under crude
intracellular conditions, and effective switching functions that
are operatable inside live cells. As pioneering works, enzymatic
reaction-triggered self-assembling nanostructures that function
inside living cells have been reported by Rao et al., in which an
intracellular protease initiates the deprotection reaction of
precursor molecules to yield covalently linked fluorescent

oligomers.9,10 Xu et al. have succeeded in the formation of
phosphatase-triggered supramolecular hydrogels in live cells,
demonstrating their use in an activity assay for the cytosolic
enzyme.11,12 Aggregation-induced emission resulting in a turn-
on fluorescence in response to a target enzyme was also
recently applied to specific protein sensing in live cells.13−15

Although these examples indicate the successful formation of
supramolecular nanostructures in living cells, reversible self-
assembly/disassembly of such materials has never been
achieved. Reversible self-assembly/disassembly would be a
desirable feature of supramolecular nanomaterials, and could
lead to various applications including dynamic protein sensing
in response to the expression level, protein activity or protein-
triggered intracellular drug release.
We recently developed a disassembly driven turn-on

nanoprobe, where the ligand-tethered fluorophores exhibited
unique self-assembling features and showed a reversible turn-on
fluorescent change toward nonenzymatic-proteins on a live cell
surface, as well as toward purified ones in a test tube.16−19

However, we have not yet succeeded in demonstrating that our
nanoprobes can penetrate the cell membrane efficiently, and
bind selectively and reversibly to the target protein inside the
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cells. On the basis of elaborate molecular design and careful
physicochemical analyses, we herein reveal that the self-
assembling nanoaggregates can operate well inside living cells;
that is, “intracellular” proteins detection and imaging were
carried out with turn-on manner. From the model experiments
using overexpressed dihydrofolate reductase (eDHFR), it was
clear that (1) the probe can be incorporated into the inside
cells by an endocytosis mechanism, and (2) self-assembly/
disassembly of the nanoaggregates indeed occurred reversibly in
living cells upon a specific ligand−protein recognition (Figure
1a). More importantly, we also succeeded in specific imaging of
endogenously expressed intracellular proteins such as human

carbonic anhydrase (hCAII) and heat shock protein 90
(HSP90). An imaging-based inhibitor assay for these
endogenous proteins using live cells was constructed, clearly
highlighting the advantage of incorporating a reversible
assembly/disassembly function in the design of sophisticated
supramolecular biomaterials.

■ RESULTS AND DISCUSSION

Self-Assembling Rhodamine-Based Supramolecule Is
Capable of Turn-on Sensing of eDHFR Inside the Living
Cells. We previously reported that our ligand-tethered probes
bearing self-assembling property allowed for rapid and

Figure 1. Protein-responsive nanoaggregates for specific and reversible intracellular protein sensing. (a) Schematic illustration of in cell reversible
protein sensing by self-assembling nanoaggregates. (b) Chemical structure of ligand-tethered probe 1 for intracellular eDHFR imaging.

Figure 2. Fluorescent imaging of intracellular eDHFR-GFP using probe 1 in living cells. (a) Atomic force microscopy (AFM) image of the self-
assembled probe 1 (10 μM) (scale bar 500 nm). (b) Concentration-dependent fluorescent intensity change of 1 (0−10 μM, λem = 584 nm). (c)
CLSM images of HeLa-DG cells treated with probe 1 (2 μM) for 12 h at 37 °C. The images were obtained without any washing (scale bars, 20 μm).
(d) CLSM images of HeLa-DG cells treated with probe 1 (2 μM) for 12 h at 37 °C, and then treated with TMP (10 μM). The images were obtained
without any washing (scale bars, 20 μm). (e) Intracellular concentration of incorporated probe 1 or 2 in HeLa-DG cells or normal HeLa cells,
calculated with fluorescent spectra of these cell lysates. The experiments were performed in triplicate to obtain mean and standard deviation values
(shown as error bars).
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convenient turn-on fluorescent imaging of membrane-bound
endogenous protein on the live cell surface for a short-time
observation. In case of probe 1 having methotrexate (MTX) as
a ligand for membrane-bound folate receptor, for example,
strong fluorescence could be detected only from the KB cell
surface (endogenously expressing folate receptor) within 1 h.
On the other hand, we noticed that fluorescent granules were
also weakly observed inside of the cells for the longer
incubation time (about 12 h) for both KB cell and other cell
line not-expressing folate receptor. This indicated that the
probes can be internalized into live cells with retaining the
suppressed fluorescence, which suggested us an interesting
possibility that some of our self-assembling probes may be
applicable even to “intracellular protein” sensing. We thus
initially examined the self-assembly/disassembly behavior of the
fluorescent probe 1 inside of the living cells. In detail, this
probe 1 is composed of the following four modules: (i)
methotrexate (MTX) as a hydrophilic ligand for targeting not
only folate receptor, but also eDHFR used here as an
intracellular model protein, (ii) tetramethylrhodamine (TMR)
as a zwitterionic fluorophore for imaging, (iii) phenylalanine as
a hydrophobic module for finely tuning the aggregation
property, and (iv) a relatively hydrophobic linker for
connecting these modules (Figure 1b).19 We confirmed that
probe 1 formed spherical or oval aggregates with a mean
diameter of 40 nm, and had a critical aggregation concentration
(CAC) lower than 1.31 μM (Figure 2a,b and Figure S1a,b,
Supporting Information). The fluorescence of probe 1 was
greatly suppressed owing to self-aggregation and was enhanced
by 37-fold upon addition of purified eDHFR in a test tube
(Figure S1c−e).19 The detection limit of 1 for eDHFR was 66
nM (Figure S1f).
A HeLa cell line stably overexpressing GFP-fused eDHFR

(HeLa-DG cell) was employed in this model study.20 From the
confocal laser scanning microscopy (CLSM) image using the
GFP channel, it was evident that eDHFR-GFP was distributed
throughout the entire cell including the cytosol and nuclei.20

When probe 1 was added to HeLa-DG cells and incubated for
12 h at 37 °C, strong TMR fluorescence was observed by
CLSM from the intracellular regions without any washing,
which completely merged with the image obtained from the
GFP emission (Figure 2c). Under these conditions, serious
cytotoxicity was not observed (Figure S1g). The fluorescence
intensity inside the cells dramatically decreased upon addition
of trimethoprim (TMP), a strong inhibitor for eDHFR,21,22

without any intensity changes in the fluorescence of the
extracellular region (Figure 2d). In a negative control using
normal HeLa cells lacking eDHFR-GFP, only fluorescent
granules were weakly observed (Figure S2a). On the basis of
these results, it was concluded that 1 is capable of fluorescently
imaging eDHFR inside the HeLa cells in the turn-on mode
through MTX-eDHFR specific interactions. Quantitative
evaluation of the amount of 1 transported into the live cells
revealed that almost the same amount of probe 1 entered these
cells regardless of the presence or absence of the target eDHFR,
and the incorporated probe 1 remained in the HeLa cell
interior and was not released, even in the presence of the
inhibitor (TMP) (Figure 2e). We also determined the
concentration of 1 per single cell to be over 60 μM, which
was higher than the CAC of 1 (<1.31 μM, Figure 2b and e).
Given all of the results here obtained, we considered that (1)
the probe 1 was transported into the cells independent of
eDHFR and self-assembled in the absence of eDHFR inside

cells, (2) disassembly of the nanoaggregates was driven by
ligand-eDHFR recognition in the presence of eDHFR,
triggering the turn-on fluorescence change, and (3) 1 was
released out of the eDHFR binding pocket by exchange with
the competitive inhibitor, which resulted in the reassembly of 1
inside the living cells. Consequently, the fluorescence was
turned off although the weak granulated fluorescence was still
present as background noise (Figure 1a).
In order to further evaluate any impacts of self-assembling

property of the probe 1 on the cell-penetration efficiency and
retention ability inside the cells, we employed an always-on
(nonassembling) probe 1′ (Figure S3) and a self-assembled but
nonrecognizable probe 2 (under-mentioned). In case of the
always-on-type probe 1′, intracellular eDHFR cannot be clearly
visualized mainly due to its high background signal from the
extracellular region (Figure S3e). Also, the amount of
incorporated probe 1′ per single HeLa-DG cell was too small
to be determined by the method applied for the probe 1, which
was lower than 2 μM.23 On the other hand, in the case of probe
2 that is a nonrecognition self-assembling probe tethering not
eDHFR ligand but hCA ligand, almost the same amount of
probe was incorporated in HeLa-DG cell (64 μM, Figure 2e) as
the case of probe 1, regardless of no ligand/protein recognition.
Given these results, it was clear that (i) the self-assembly
property may contribute to both the enhanced cell-penetration
and the probe retention inside the cells, and (ii) the protein
binding does not strongly impact on the probe retention in
cells. These should give important clues for designing
supramolecular self-assembly workable in live cell systems.

Mechanisms of Internalization and Turn-on Sensing
of Probe 1 with eDHFR in Cells. To explore the transport
mechanism of the self-assembling probe 1 into the HeLa-DG
cells, time-lapse fluorescent live imaging was performed. As
shown in Figure 3a, upon addition of probe 1 (after a few
minutes), weak fluorescence was only observed from the cell
membrane, and after 20 min at 37 °C, several fluorescent
granules subsequently appeared inside the cells. The punctum
fluorescence gradually became more homogeneous and was
distributed in the whole cytosol. The cytosolic fluorescence
gradually increased in intensity until 12 h, while the membrane
fluorescence relatively lessened and was indistinguishable from
the cytosolic one (Figure 3b). In the case of cells treated with 1
at 4 °C, the intracellular fluorescence was negligible even after a
5 h incubation, whereas weak fluorescence was observed on the
cell membrane (Figure S2b). On the other hand, weak but
distinct fluorescent granules were observed from normal HeLa
cells (lacking eDHFR-GFP) as shown above merged with that
of Lysotracker green (Figure S2c). These results strongly
suggested that endocytosis is the main pathway for the
intracellular transport of probe 1. More detailed analysis was
conducted using various endocytosis inhibitors. After treatment
of genistein or 5-(N-ethyl-N-isopropyl)-amiloride (EIPA),
inhibitors for caveolae-mediated endocytosis24 or macro-
pinocytosis, respectively,25,26 the fluorescence intensities of
the cells stained with 1 were suppressed by less than the half
compared with the cells incubated in the absence of inhibitors
(Figure S4). In contrast, a decrease in fluorescence was not
observed upon incubation with amantadine, an inhibitor for
clathrin-mediated endocytosis.27 Taken together, it suggested
that 1 (or self-assembling nanoaggregates of 1) internalized
through caveolae-mediated endocytosis or macropinocytosis,
both of which had been recently characterized as primary
pathways for internalization of macromolecules such as proteins
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or metal nanoparticles.28,29 Thereafter, the internalized 1 would
gradually escape from the endosomal vesicles to the cytosol. In
the absence of the target eDHFR, most of 1 formed stable
nonfluorescent aggregates whereas the aggregates disassembled
into fluorescent 1/eDHFR complexes in the presence of
eDHFR, resulting in recognition-driven turn-on fluorescence
inside the cells.
Intracellular Endogenous hCAII Sensing and In-Cell

Inhibitor Assay by Self-Assembling Supramolceular
Probe. The present success in imaging intracellular eDHFR
as a model encouraged us to target more difficult proteins, that
is, “endogenous” proteins inside of living cells. Cytosolic hCAII,
a protein related to various diseases such as epilepsia or
glaucoma was attempted. Using the same design strategy as the
eDHFR probe, a TMR-tethered probe 2 carrying a
benzenesulfonamide ligand, a selective inhibitor of the hCA
family,30 was prepared (Figure 4a). Atomic force microscopy
(AFM) or dynamic light scattering (DLS) data revealed the
formation of spherical or oval aggregates of 2 with a mean
diameter of 100 nm in aqueous buffer (Figure 4b and S5a). The
CAC value of 2 was determined to be lower than 110 nM
(Figure S5b). We also confirmed that probe 2 showed a 30-fold
increase in the fluorescent intensity in response to purified
hCAII in a test tube (Figure 4c and S5c,d). The detection limit
of 2 for hCAII was 67 nM (Figure S5e). Imaging of
endogenous hCAII in live MCF7 cells, a human breast cancer
cell line naturally expressing hCAII, was then conducted using
probe 2. When 2 was mixed with MCF7 cells followed by
incubation for 4 h at 37 °C, strong fluorescence from TMR was
observed in the cytosol region including the nucleus by CLSM
(Figure 4d). The strong fluorescence inside the cells
dramatically decreased upon addition of ethoxazolamide
(EZA) (Figure 4e), an hCAII inhibitor,30 implying that the

selective ligand-hCAII recognition was cruicial for the turn-on
imaging, similar to the above-mentioned probe 1.31 These
results demonstrated that an endogenously expressed intra-
cellular protein can be visualized by our disassembly driven
turn-on probe.32

Because of the reversible properties in living cells, a unique
imaging-based inhibitor screening was next constructed using 2.
After staining with 2, the MCF7 cells were incubated with an
hCAII inhibitor such as EZA, acetazolamide (AAZ) or 4-
sulfamoylbenzoic acid (SBA), followed by fluorescence
monitoring by CLSM. When the strong inhibitor EZA was
added, a significant decrease in the fluorescent intensity of the

Figure 3. Time trace of eDHFR imaging in HeLa-DG cells stained by
probe 1 incubated at 37 °C within (a) a short time period (20−80
min) and (b) a long time period (2−12 h). Scale bars, 20 μm.

Figure 4. Endogenously expressed intracellular hCAII imaging by self-
assembling nanoaggregates. (a) Chemical structure of ligand-tethered
probe 2 for intracellular endogenous hCAII imaging. (b) AFM image
of probe 2 (10 μM) in 50 mM HEPES buffer (pH 7.2, 150 mM
NaCl). (c) Fluorescence spectra change of probe 2 (10 μM) upon
addition of purified hCAII (0−20 μM) (λex = 480 nm) in 50 mM
HEPES buffer (pH 7.2, 150 mM NaCl). (Inset) The relative
fluorescence intensity change was plotted with the concentration of
hCAII. The experiments were performed in triplicate to obtain mean
and standard deviation values (shown as error bars). (d) CLSM
images of MCF7 cells treated with probe 2 (300 nM) for 4 h at 37 °C.
The images were obtained without any washing (scale bars, 20 μm).
(e) CLSM images of MCF7 cells treated with probe 2 (300 nM) for 4
h at 37 °C, and then treated with EZA (100 μM). The images were
obtained without any washing (scale bars, 20 μm).
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intracellular region was induced, which saturated in the nM
concentration range as shown in Figure 5a and Figure S6. In
contrast, no substantial change was observed by addition of 0.1
mM of p-toluenesulfonic acid (TSA), which has negligible
affinity for the CA family (Figure 5f and Figure S9). We
prepared the titration curve on the basis of the CLSM imaging
changes, giving IC50 values (half maximal inhibitory concen-
tration of fluorescence intensity change) of 9.9 × 10−9 M for
EZA, 2.7 × 10−8 M for AAZ and 1.3 × 10−6 M for SBA,
respectively (Figure 5b,c,d,f and S6−S8). The literature values
(Ki) determined by using purified hCAII were reported to be 8
× 10−9 M (EZA), 1.2 × 10−8 M (AAZ) and 2.6 × 10−7 M
(SBA).30,33 While these Ki values for EZA or AAZ were almost
the same as those obtained from our cell-based assay, the value
for SBA was clearly different. This may be attributed to the fact
that our method evaluated the lower cell-permeability and/or
the lower in-cell selectivity of SBA, together with the simple
affinity to CA, implying that the present cell-based inhibitor
assays allow us to estimate the drug potencies under more real
conditions. More importantly, these results strongly suggested
that the reversible self-assembly/disassembly phenomenon of
the supramolecular probes is powerful for sensing dynamic
ligand/protein interactions, an essential function of endogenous
proteins, even in the interior of living cells.
The flow cytometry analyses quantitatively supported our

data from the cell imaging-based assay. The strong fluorescence
was clearly observed from MCF7 cells stained with probe 2 and

this fluorescence significantly decreased by addition of EZA
(Figure S10a). The detailed titration curve was almost
comparable to the CLSM analyses shown in Figure S10b.
These results also implied that our reversible self-assembling
probes can be used for the flow cytometer-based inhibitor
screening systems for intracellular proteins, as well as the
imaging-based assay.

Development of Nanoaggregates for Sensing of
Endogenous HSP90 and In-Cell Construction of Anti-
cancer Agent Screening System. Benefiting from the
modular design, a self-assembling fluorescence turn-on probe
was constructed by replacing the ligand part for another
endogenously expressed intracellular protein, HSP90, a well-
known tumor biomarker and valuable drug target for cancer
diagnostics and treatment.34,35 TMR-tethered probe 3 (λem =
585 nm) carrying PU-H71 as a ligand, a selective inhibitor of
HSP90, was designed (Figure 6a).36,37 It showed a 32-fold
increase in fluorescent intensity by addition of the N-terminal
ATP-binding domain of HSP90 (HSP90-N) (Figure 6b−d and
Figure S11).38,39 The CAC value of 3 was lower than 110 nM
(Figure S11b). The detection limit of 3 for HSP90-N was 70
nM (Figure S11d). We then sought to fluorescently image
endogenous HSP90 in live SK-BR-3 cells, a human breast
cancer cell line,40,41 using probe 3. When probe 3 was mixed
with SK-BR-3 cells, strong TMR fluorescence was detected in
the cytosol area of SK-BR-3 cells by CLSM observation (Figure
6e). This image was almost identical to that of the
immunostaining pattern obtained using an anti-HSP90 anti-
body (Figure S12a). The fluorescence intensity inside the cells
was substantially decreased upon addition of PU-H71 (Figure
6f), suggesting that 3 was kicked out of the HSP90 binding
pocket and reassembled into nanoaggregates, similar to probe 1
(for overexpressed eDHFR) and 2 (for endogenous hCAII).42

Like the case of probe 2, the flow cytometry analyses supported
the results obtained by our cell image-based intensity analyses
for the SK-BR-3 cells with probe 3 and PU-H71 (Figure S12c).
Additionally, another turn-on probe 4, which emitted a distinct
color (λem = 530 nm) by replacing TMR with rhodamine-green
(RhoG), can also be designed. This probe showed 350-fold
fluorescent enhancement in response to HSP90-N (Figure
S13) in test tube settings. By using probe 4, an almost identical
imaging pattern was obtained compared to probe 3 (Figure
S14a).43 These results clearly indicated that our self-assembling
probe is capable of sensing endogenous intracellular proteins
with varied colors (at least green and red colors), and these
properties are good compatible with existing intracellular
imaging technologies such as genetically encoded fluorescent
protein tags.
The titration curves for several HSP90 inhibitors were

obtained, allowing the determination of the IC50 values 2.1 ×
10−6 M for PU-H71 and 8.1 × 10−6 M for MPC3100 (Figure
6h). In contrast, no substantial change was observed upon
addition of 10 μM of geldanamycin, another inhibitor for
HSP90. To date, various HSP90 inhibitors have been
developed as anticancer agents, the potencies of which
(typically as IC50 values) were examined by an indirect
phenotype assay, such as via tumor cell growth inhibition (the
reported values are 5 × 10−8 M for PU-H71,36 6 × 10−8 M for
MPC-310044 and 2 × 10−9 M for geldanamycin,45 respectively).
To the best of our knowledge, the results described herein
provide affinity values for HSP90 inhibitors toward active
HSP90 in living cells for the first time. Ultimately, this
methodology should prove helpful for direct drug discovery

Figure 5. Imaging-based hCAII inhibitor assay with probe 2. (a−d)
Fluorescence images of MCF7 cells treated with probe 2 (100 nM),
and then the cells were treated with hCAII inhibitors [(a) EZA (10
nM), (b) AAZ (10 nM), (c) AAZ (300 nM) and (d) SBA (1 μM)].
The images were obtained without any washing operations (scale bars,
20 μm). (e) Chemical structures of inhibitors for hCAII used in this
study. EZA is 6-ethoxy-2-benzothiazolesulfonamide, AAZ is acetazo-
lamide, SBA is 4-sulfamoylbenzoic acid, and TSA is 4-toluenesulfonic
acid. (f) Fluorescence titration profile of the relative change in
fluorescence intensity (I/I0 − 1) from the intracellular region vs
inhibitor concentration for EZA (○, blue), AAZ (□, red), SBA (◇,
green) and noninhibitor TSA (△, orange). Fluorescence intensities
were evaluated at 10 cells in 5 regions in each dish, and the
experiments were performed in triplicate to obtain mean and standard
error values (shown as error bars).
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applications in the future. Moreover, it is likely that these
reversible self-assembling probes can be adapted for use in
fluorescently visualizing a number of intracellular protein
functions by varying the ligand and fluorophore.

■ CONCLUSION
In summary, the results indicate that our protein-responsive
self-assembling nanoaggregates is applicable for selective and
reversible sensing of endogenous proteins even inside living
cells. The quantitative study using an overexpressed model
protein revealed that the designed probes form self-assembling
nanoaggregates in the signal-off mode in living cells in the
absence of the target protein, whereas the disassembly driven
turn-on fluorescent change is induced in the presence of the
target by a specific ligand−protein recognition process.
Interestingly, the addition of a competitive inhibitor induced
the probe to reassemble so that the fluorescence was turned off,
explicitly verifying that the reversible assembly/disassembly of
these supramolecular nanomaterials took place even inside the
living cells. The intracellular reversibility of the collapse and
formation of our self-assembled nanoaggregates is unprece-

dented. This dynamic sensing mechanism allowed us to
construct a quantitative cell-based inhibitor assay for intra-
cellular endogenous proteins such as hCAII and HSP90, two
valuable diagnostic and therapeutic protein targets. This work
should inspire new research into supramolecular approaches,
which work inside cells in a programmable manner for cell-
selective tissue engineering,46 intracellular protein-triggered
drug release, or cell signaling modulation.

■ EXPERIMENTAL SECTION
Synthesis. The synthetic procedures used to prepare compounds

1′, 2−4 and characterizations of these compounds are described in the
Supporting Information.

General Materials and Methods. Purified human carbonic
anhydrase II (hCAII) was purchased from Sigma, and Escherichia coli
DHFR was prepared and purified as previously reported.47 Other
chemical reagents and solvents were purchased from commercial
chemical suppliers (Sigma, Aldrich, TCI, Wako, or Watanabe
Chemical Industries) and used without further purification. 1H
NMR spectra were recorded on a Varian Mercury-400 spectrometer
(400 MHz). High-resolution electrospray ionization Fourier transform
mass spectrometry (HR-ESI-MS) spectra were recorded using a

Figure 6. Endogenously expressed intracellular HSP90 imaging and inhibitor assay in living cells by self-assembling nanoaggregates. (a) Chemical
structures of ligand-tethered probes 3 and 4 for intracellular endogenous HSP90 imaging. (b) Fluorescence spectra change of probe 3 (10 μM) upon
addition of purified HSP90-N (0−20 μM) (λex = 480 nm) in 50 mM HEPES buffer. (Inset) Fluorescence titration curve of probe 3 upon addition of
HSP90-N (0−20 μM) (λem = 585 nm). (c) AFM image of probe 3 (10 μM) in 50 mM HEPES buffer. (d) Photographs of probe 3 (10 μM) in the
absence or presence of HSP90-N (20 μM, left or middle, respectively), and after addition of PU-H71 (100 μM) to the solution of 3 and HSP90-N
(right). (e) CLSM images of SK-BR-3 cells treated with probe 3 (100 nM) for 4 h at 37 °C in cultured media. The images were obtained without
any washing (scale bars, 20 μm). (f,g) CLSM images of SK-BR-3 cells treated with probe 3 (100 nM) for 4 h at 37 °C, and then treated with PU-
H71 (f, 10 μM) or MPC3100 (g, 30 μM). The images were obtained without any washing (scale bars, 20 μm). (h) Fluorescence titration profile of
the relative change in fluorescence intensity (I/I0 − 1) from the intracellular region vs inhibitor concentration for PU-H71 (□, red), MPC-3100 (○,
blue) and Geldanamycin (△, green). Fluorescence intensities were evaluated at 10 cells in 5 regions in each dish, and the experiments were
performed in triplicate to obtain mean and standard error values (shown as error bars). (i) Chemical structures of HSP90 inhibitors used in this
study.
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Thermo Scientific Exactive mass spectrometer. Cell imaging was
performed with a confocal laser scanning microscope (CLSM,
Olympus, FV1000, IX81) equipped with a 60×, NA = 1.35 oil
objective lens. Fluorescence images were acquired using the 488 nm
line of an argon laser to excite EGFP (emission, 500−530 nm), the
515 nm line of an argon laser to excite Rho-G (emission, 530−630
nm) and the 543 nm line of a HeNe Green laser to excite
tetramethylrhodamine (emission, 555−655 nm). HeLa-DG cells,
normal Hela cells, and MCF-7 cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS), penicillin (100
units/mL), and streptomycin (100 μg/mL) at 37 °C in 5% CO2 and
95% air. SK-BR-3 cells were maintained in McCoy’s 5A Modified
Media supplemented with 10% FBS, penicillin (100 units/mL), and
streptomycin (100 μg/mL) at 37 °C in 5% CO2 and 95% air. The cells
were plated at a density of 2.0 × 105 cells per a 35 mm glass-bottomed
dish and cultured in the medium for 24 h at 37 °C in 5% CO2 and 95%
air and used for fluorescence imaging.
UV−Visible Absorption and Fluorescence Spectroscopic

Analyses. All probes were dissolved in dimethyl sulfoxide (DMSO)
to generate stock solutions. The concentrations of probes 1′, 2, 3, and
4 were determined by their absorbance (at 543 nm for 1′, 2 and 3, 504
nm for 4) in methanol using a molar extinction coefficient of 92 000
M−1 cm−1 for 1′, 2 and 3, and 78 000 M−1 cm−1 for 4,48 respectively.
HCAII was dissolved in PBS buffer (pH 7.2), and HSP90-N was
dissolved in 10 mM Tris buffer (pH 7.4). The concentrations of these
proteins were determined by their absorbance at 280 nm using
literature molar extinction coefficients of 54 000 M−1 cm−1 for hCAII49

and 31 100 M−1 cm−1 for DHFR50 respectively, and 27 000 M−1 cm−1

for Hsp90-N, which was determined by its absorption spectra and
BCA protein assay kit allowing stock solutions of known
concentrations to be prepared. All experiments were performed at
25 °C in test tubes. UV−visible absorption spectra were recorded on a
Shimadzu UV−visible 2550 spectrometer. Fluorescence spectra were
measured using a PerkinElmer LS55 fluorescent spectrometer.
Absorption and fluorescence measurements were performed 30 min
after adding the protein to each probe solution (10 μM stock
solution).
Fluorescence Imaging of eDHFR with Probe 1. Hela-DG cells

and normal Hela cells cultured in DMEM were rinsed with serum- and
phenol red-free DMEM supplemented with 100 U/mL penicillin and
100 μg/mL streptomycin (DMEMi, 1 mL), and treated with probe 1
(2 μM, <1% DMSO (v/v)) in DMEMi (1 mL). Fluorescence imaging
was carried out 2, 4, 6, and 12 h after staining without performing any
washing. For the control experiments, the cells were treated with probe
1 (2 μM) for 12 h at 37 °C, and then TMP was added (10 μM, <1%
DMSO (v/v)), and the fluorescence images were obtained without
performing any washing. For examination of the effects of endocytosis
inhibitors, cells were treated with probe 1 only (2 μM, <1% DMSO
(v/v)), probe 1 (2 μM) and genistein (100 μM), 1 (2 μM) and EIPA
(40 μM) or 1 (2 μM) and amantadine (500 μM). After 4 h incubation
of these compounds, fluorescence imaging was carried out without
performing any washing.
Fluorescence Imaging in MCF7 and SK-BR-3 Cells with

Probe 2−4. MCF7 cells plated on a 35 mm glass-bottomed dish were
rinsed with DMEMi, and treated with probe 2 (300 nM, <1% DMSO
(v/v)) in DMEMi (1 mL). For the control experiments, after
incubation for 4 h, a stock solution of EZA was added (final
concentration, 100 μM) to the cells. Fluorescence images were
obtained without performing any washing. SK-BR-3 cells plated on the
35 mm glass-bottomed dish were rinsed with DMEMi, and treated
with probe 3 or 4 (100 nM, <1% DMSO (v/v)) in DMEMi (1 mL).
After 4 h incubation of these compounds, fluorescence imaging was
carried out without performing any washing.
Inhibitor Assay for hCAII in MCF7 Cells. Probe 2 (100 nM) was

added to the MCF-7 cells plated on a 35 mm glass-bottomed dish.
After incubation for 4 h, a stock solution of each inhibitor was added
to the cells. After an additional incubation for 1 h, fluorescence
imaging was carried out without performing any washing. To
determine the fluorescence intensity in the cell, CLSM images were
analyzed with ImageJ 1.44 on a Macintosh PC.
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