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CEs are important enzymes that catalyze the hydrolysis of prodrugs. In this Letter, we present a new
mechanistic ER-specific fluorescent probe 1 based on CE activity. Permeation of 1 into cells and subse-
quent hydrolytic activation by CEs causes spontaneously quinone methide cleavage, resulting in bright
red fluorescence in ER with high specificity. Probe 1 was developed for CE activity imaging and inhibitor
screening at the cellular level.

� 2011 Elsevier Ltd. All rights reserved.
In mammals, CEs (EC 3.1.1.1) are expressed in numerous tis- cient. In addition, the development of inhibitors of CEs has many

sues.1 CEs hydrolyze various prodrugs, including the anti-influenza
prodrug oseltamivir, the anti-thrombogenic agent clopidogrel, the
cholesterol reduction drug lovastatin, and the b-blocker esmolol.2

The hydrolytic activity of CEs has important roles in drug protec-
tion and metabolism,3 yet fluoresces probes for these enzymes to
study these important processes at the cellular level are insuffi-
atic illustration of the fluorescence
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potential uses, including increasing the drug lifetime and improv-
ing, delaying, controlling, and specifically expressing the action of
the parent drug using a prodrug.

CE-activated fluorescent probes that are commercially avail-
able, mainly ester-protected fluorescein derivatives such as fluo-
rescein diacetate, carboxy fluorescein diacetate, and calcein-AM,
revealing by quinone methide-type cleavage.
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Figure 2. Synthetic scheme of probe 1.

Figure 3. Esterase-assisted probe activation. Hydrolysis of probe 1 with and
without porcine liver esterase at 37 �C.
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have been applied to studies of living cell labeling, cell viability,
and cytotoxicity for a variety of cells. After permeation of protected
fluorescein derivatives into cells, the ester bonds can be hydro-
lyzed by CEs. Hydrolysis often results in direct conversion of the
protected fluorescein derivatives into fluorescent forms that are re-
tained and dye the cell cytoplasm green.

Here we describe the design, synthesis, photochemical, and
biological properties, and cell imaging of resorufin releasing
fluorescence probe 1 in Figure 1. The fluorogenic chemical trans-
formation of 1 triggered by the CEs in cells is through a tandem
reaction, ester hydrolyzation, and quinone methide-type cleavage
reaction, which are spontaneous and irreversible at physiological
temperature in aqueous media (also see Fig. 1). Resorufin is the
parent fluorescent used widely in cell imaging, and has an emission
spectrum at 585 nm to long wavelength excitation at 571 nm. The
major benefits of long wavelength excitation include much
reduced fluorescence of the background obtained from cells. Probe
1 is used as a fluorescent dye in cells as it has appropriate mem-
brane permeability. Waring reported that a log D value of >1.7 is
required for compounds of molecule weight 350–400 for good
membrane permeation.4 The designed probe 1, which has a molec-
ular weight of 389 and a c log D value of 4.87 at pH 7–8,5 will have
good membrane permeability.

Details of the synthetic scheme of 1 are outlined in Figure 2. In
the final step, Mitsunobu reaction conditions, using compound 56

and resorufin, yielded the respective product 1.7 The overall four-
step synthesis had a 50.0% yield from starting material. To be a
CE activity imaging tool in cells, probe 1 should not have emission
spectra under resorufin excitation conditions at 571 nm. To ob-
serve the emission spectra of resorufin and 1 in PBS(-) at 571 nm,
these emission spectra were measured and indicated no emission
spectra from 1.8

We investigated the release of resorufin from 1 activated by the
porcine liver esterase in vitro and observed clearly the release of
the fluorescence signal of resorufin when probe 1 was co-incu-
bated with the esterase (Fig. 3). In that reaction, the enzyme show
appropriate activity, 0.05 unit/mg protein, against 1.9 These results
show that the enzyme transformation of 1 to release resorufin is
through a tandem reaction, ester hydrolyzation, and spontaneous
quinone methide cleavage, at 37 �C in phosphate buffer at pH 8.0.

The most important application for 1 is as a CE activity imaging
tool in cells. To test this capability, we tried to transfer 1 into cells
across membranes, and the imaging potential of 1 based on CE
activity was then evaluated in cell culture using a human fibrosar-
coma cell line, HT-1080, and kidney cells of the African green mon-
key, COS-1. Following incubation of both cell lines with 1 (50 lM)
for 120 min and Hoechst 33258 as the nuclear fluorescence dye,
phase-contrast microscopy images and fluorescence images were
taken by a fluorescence microscope.10 The fluorescence signal of
1 indicated intracellular accumulation of resorufin around the nu-
cleus which was dyed by Hoechst 33258, as shown in Figure 4. To
specify the fluorescence dyeing area of 1, the ERs of both cell lines
were dyed with 1 and ER-Tracker Blue–White DPX, a highly selec-
tive dye for the ER. The results show that the fluorescence dyeing
areas of 1 and ER-Tracker complementally overlapped, as shown
in Figure 5. These images indicated that 1 had good selectivity
against ERs of both cell lines with bright red fluorescence.

Clearly, probe 1 is feasible as an ER-specific fluorescent probe
based on CE activity: in particular, the selectivity for ER dyeing
was high, whereas ester-protected fluorescein derivatives, which
were activated by CEs, showed dyeing ability for cytoplasm. Previ-
ous research on the location of CEs in human cells show that CEs
are located in ER11 and cytoplasm.12 These results showed that
probe 1 can enhance the importance and usefulness of CE activity



Figure 4. Images of HT1080 cells (a–d) and COS-1 cells (e–h). The phase-contrast images are a and e. The images of 1, in red, are b and f. The images of Hoechst 33258, in blue,
are c and g. The overlaid images of 1 and Hoechst 33258 are d and h.

Figure 5. Images of HT1080 cells (a–c) and COS-1 cells (d–f). The phase-contrast images are a and d. The images of 1, in red, are b and e. The images of ER-Tracker Blue–White,
in blue, are c and f.
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imaging, functional analysis of CEs, and inhibitor screening at the
cellular level.
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