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Fluorescent probes are functional molecules whose fluorescent properties are
transformed as a response to specific stimuli. Understanding the mechanisms
of these transformations is essential for the design of these stimuli-responsive
fluorescent probes. A rational design strategy has been developed to construct
stimuli-responsive supramolecular cluster fluorescent probes. They operate
by a new mechanism called self-assembly induced lactone formation (SAlLac)
to control the fluorescence properties of SNARF, an asymmetric xanthene
fluorophore. Here, to expand SAlLac applicability, the structure-activity
relationship of the fluorophore scaffold is studied. SNARF-OBn(pNO,),
designed as nitroreductase-reactive fluorescent probe based on the SAlLac
mechanism, is selected as the initial structure. As the result of the
structure-activity relationship studies, a new nitroreductase-reactive
fluorescent probe, Rhodol-OBn(pNO,), is created, having a superior
signal-to-noise (S/N) ratio with higher reactivity toward nitroreductase than
the original probe. By using Rhodol-OBn (pNO,), the activity of endogenous

nitroreductase in Escherichia coli is successfully detected.

1. Introduction

Fluorescent probes are essential tools in modern biological re-
search, characterized by their ability to report the detection of
specific stimuli that initiate alterations in their fluorescence.!'¢
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These characteristics allow real-time mon-
itoring of molecular dynamics in not only
homogeneous test tube environments but
also heterogeneous environments such as
cells and individual organisms. Conse-
quently, fluorescence detection using these
probes plays a crucial role in advancing our
understanding of biological systems.[27#]

Fluorescent probes have been developed
based on various mechanisms to detect
a wide range of targets.'?] Among them,
the turn-on type of fluorescent probes,
which show strong fluorescence after
the non-fluorescent form of the probe
reacts with the target molecule, are use-
ful because they are able to detect the
target molecules with an unambiguous
signal. 1%l The fluorescence proper-
ties of stimuli-responsive probes not
only change as a single molecule-based
switch,*>1112] but can also be altered
by the formation and deformation of
supramolecular clusters created by the
interactions between the probes or the fluorescent products
themselves.[3] Several well-known supramolecular phenomena
that influence the fluorescence properties of fluorophores in-
clude aggregation-caused quenching (ACQ)®1* and aggregation-
induced emission (AIE).['>1¢ Previously, we developed a rational
design strategy to construct supramolecular cluster-based fluo-
rescent probes which operate by a new mechanism called self-
assembly induced lactone formation (SAILac) to control the flu-
orescence properties of seminapthorhodafluor (SNARF), which
is classified as an asymmetric xanthene fluorophore with visible
light excitation and fluorescence (Figure 1a).[%17-11 Tt is known
that xanthene fluorophores such as SNARF are in equilibrium
between the fluorescent quinoid form and the non-fluorescent
lactone form which has no absorption above 400 nm.[1820-22] A].
though the non-fluorescent lactone form is generally not present
in aqueous media, certain SNARF derivatives in which the
phenolic substituent is protected by hydrophobic substituents
such as the benzyl group were found to form self-assembled
clusters of the non-fluorescent lactone (Figure 1b).'78) Fur-
thermore, the self-assembled cluster can be equipped with
different reactive properties according to the nature of the
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Figure 1. a,b) Previous studies based on the SAlLac strategy with SNARF derivatives. (a) The structure-activity relationship study is based on the SNARF
scaffold. SNARF derivatives, in which the phenolic group of SNARF was protected by various substituents, were studied. (b) Schematic illustration of the
proposed mechanism of SAlLac-based fluorescent probe (e.g., SNARF-OBn(pNO,)). The entire scheme is shown in Figure S1a (Supporting Information).
¢,d) This study of the SAlLac strategy uses different types of fluorophore scaffolds. (c) The strategy behind the structure-activity relationship study of
xanthene-based fluorophores bearing the p-nitrobenzyl group. SNARF-OBn(pNO,) was chosen as the initial structure. (d) The results of the structure-
activity relationship study to obtain derivatives with high reactivity and a high fluorescence signal response.

substituents introduced.'®! We have demonstrated that the p-
acetoxy-benzyl, tert-butyldiphenylsilyl, and p-nitrobenzyl groups
impart esterase,!?)] fluoride ion,?*! and nitroreductase reactivi-
ties (Figure 1a)/'®%] respectively. Thus, the design strategy of
the fluorescent probe based on the SAILac mechanism was es-
tablished as follows (Figure 1b): the self-assembled cluster of
SNAREF derivatives, existing as the non-fluorescent lactone pro-
tected by the reactive group of choice, was deprotected by reaction
with the target molecules, dispersed, and fluoresced. Notably,
compared to the well-known xanthene derivative aggregation
state which simply induces spectral shifts in the absorption,!2¢!
this system confers enhanced performance such as improved
photostability and higher S/N ratios through the lack of SNARF
absorption in the visible region combined with the deprotection-
triggered disassembly and the resulting fluorescence.l’) How-
ever, the SAILac mechanism had only been applied to SNARF
derivatives,['”:18] 5o relationship between the structure of the flu-
orophore and its ability to form the self-assembled cluster was not
well-understood, making it unclear whether it could be applied to
other fluorophore scaffolds. As the characteristics of the SAILac,
it has been observed that there is a trade-off between reactiv-
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ity and stability as the self-assembled SNARF derivative clusters
showed lower reactivity than the monomeric forms of the probes
while having higher stability toward undesired hydrolysis.[?*] By
better understanding how the structure of the fluorophore relates
to self-assembly, one of our primary aims was to obtain a self-
assembled cluster that has comparable reactivity to the dispersed
fluorescent probe.

Here, we describe the development of the self-assembled
fluorophore-based nitroreductase (NTR) probe as a representa-
tive example. The selective and efficient detection of NTR is of
great importance,!1%%”) since the activity of NTR has been known
for decades and has been extensively studied in various systems
such as bacteria, yeast, and hypoxic tumors.[?®! As a result of the
structure-activity relationship study (including SNARF deriva-
tives and other xanthene derivatives) of the fluorophore scaffold
(Figure 1c), we were able to better understand the self-assembled
fluorescent probe cluster formation and the associated reactivi-
ties toward N'TR to ultimately develop Rhodol-OBn(pNO,) which
maintains the reactivity toward NTR while having a superior S/N
ratio compared to the monomeric counterpart (Figure 1d). By
using Rhodol-OBn(pNO,) as a NTR-selective fluorescent probe,
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Figure 2. a,d) The molecular structures of C.SNARF derivatives. b,e) Absorption and c,f) fluorescence spectra (excited at 534 nm) of b,c) C.SNARF-
OH (solid black line), and C.SNARF-OBn(pNO,)-COOH (solid red line), e,f) C.SNARF-OH-OBn(pNO,) (solid black line) and C.SNARF-(OBn(pNO,)),
(solid red line), respectively.[SNARF derivatives] = 10 um in pH 5.0 10 mm Tris, HEPES, and acetate buffer.

endogenous NTR activity in Escherichia coli was successively
detected.

2. Results

2.1. Comparison of the Structure and the Self-Assembled Cluster
Formation Properties of p-Nitrobenzyl Group Modified
C.SNARF-OH Derivatives

SNARF-OBn(pNO,) (Figure S1b, Supporting Information), in
which the phenolic group of SNARF-OH was protected by a
p-nitrobenzyl group, exists as the self-assembled cluster un-
der aqueous conditions (Figure S1c,d, Supporting Information)
as reported previously.['”185] Here, C.SNARF-OH derivatives
(C.SNARF-COOH-OBn(pNO,), C.SNARF-OH-OBn(pNO,) and
C.SNARF-(OBn(pNO,),), in which the phenolic group and/or
the carboxylic acid group of C.SNARF-OH were p-nitrobenzyl
protected (Figure 2a,d), were designed and synthesized as
shown in supporting information. The evaluation of the spec-
troscopic properties of C.SNARF-OH derivatives revealed that
they produced absorption and fluorescence emission spectra dis-
tinct from those of C.SNARF-OH (Figure 2b-f). C.SNARF-OH
showed maximum absorption and fluorescence emission around
548 and 585 nm at pH 5.0, respectively (Figure 2b,c; Table S1,
Supporting Information).['$21:22] C.SNARF-OBn(pNO,)-COOH,
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of which the phenolic group was protected by a p-nitrobenzyl
group while the carboxylic acid remains free, showed maxi-
mum absorption at 521 and 551 nm and fluorescence emis-
sion around 572 nm. Dynamic light scattering (DLS) measure-
ments (Table S2, Supporting Information) and scanning elec-
tron microscopy (SEM) images (Figure S2b, Supporting Infor-
mation) of C.SNARF-OBn(pNO,)-COOH did not produce any
peaks or any images of aggregation. The results indicate that
C.SNARF-OBn(pNO,)-COOH is present in its monomeric state
in aqueous solution, though the reason for the blueshift in the
absorption and fluorescence spectra is unclear. These results sug-
gest that the presence of a hydrophilic substituent such as a
carboxylic acid can prevent the formation of the self-assembled
cluster. It should be noted the results are consistent with our
previous study.'#2* In the case of C.SNARF-OH-OBn(pNO,),
of which the carboxylic acid was protected by a p-nitrobenzyl
group while having a free phenolic group, the absorption spec-
tra showed maximum absorption around 571 nm but no flu-
orescence emission (Figure 2e,f). The maximum absorption
of C.SNARF-OH-OBn(pNO,) was significantly redshifted com-
pared to that of C.SNARF-OH. The result suggests the formation
of a head-to-tail type aggregate (J-type).[?®! DLS measurements
(Table S2, Supporting Information) and SEM images (Figure
S2c, Supporting Information) of C.SNARF-OH-OBn(pNO,) also
support cluster formation. If C.SNARF-OH-OBn(pNO2) is
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thought of as the scaffold of the fluorophore, the fluorophore
modified with hydrophobic groups, such as p-nitrobenzyl,
formed colored clusters that exhibit ACQ and may take on
a different conformation than SAlLac clusters.®*] C.SNARF-
(OBn(pNO,)),, of which both the phenolic and the carboxylic
acid groups were protected by a p-nitrobenzyl group, did not
exhibit a significant absorption above 400 nm or any fluo-
rescence emission (Figure 2e,(f). These results were in good
agreement with our previous studies where SNARF-OBn(pNO,),
the SNARF derivative that forms a self-assembled cluster,
experiences the disappearance of absorption based on the
SAlLac mechanism.[17182324] DLS measurements of C.SNARF-
(OBn(pNO,)), showed particles with a mean diameter of 649.4
+ 149.9 nm as shown in Table S2 (Supporting Information). And
SEM image of C.SNARF-(OBn(pNO,)), showed the formation
of clusters (Figure S2d, Supporting Information). These results
give strong support for C.SNARF-(OBn(pNO,)), self-assembled
cluster formation. In total, these results suggest that the for-
mation of the cluster can be controlled by modifying the fluo-
rophore scaffold. C.SNARF-OBn(pNO,)-COOH was present as
the monomeric state in aqueous solution because of the hy-
drophilic carboxylic acid group in the fluorophore scaffold. On
the other hand, C.SNARF-OH-OBn(pNO,), of which the car-
boxylic acid group is protected by a hydrophobic p-nitrobenzyl
group in the fluorophore scaffold, interestingly formed the col-
ored cluster.?®) Finally, C.SNARF-(OBn(pNO,)),, of which the
phenolic group was protected by p-nitrobenzyl group, unsurpris-
ingly formed a cluster.

2.2. Comparison of the Nitroreductase Reactivity of p-nitroBenzyl
Group-Modified C.SNARF-OH Derivatives

As we have reported previously,'1#25] SNARF-OBn(pNO,)
derived from SNARF-OH formed the self-assembled clus-
ter having reactivity with nitroreductase (NTR) (Figure 3a;
Figure S3a, Supporting Information). Here, the reactivities of
NTR toward C.SNARF-OH derivatives having one or more p-
nitrobenzyl groups (C.SNARF-OBn(pNO,)-COOH, C.SNARF-
OH-OBn(pNO,) and C.SNARF-(OBn(pNO,),) were compared to
that of SNARF-OBn(pNO,) (Figure 3; Table S3, Supporting In-
formation). The absorption and fluorescence spectra of SNARF-
OH and C.SNARF-OH derivatives were measured in the pres-
ence of NTR (Figure S3, Supporting Information) and the com-
parison of the time taken to reach half the maximum fluores-
cence intensity (t;,,), and the maximum fluorescence change
(I/1,) are summarized in Table S3 (Supporting Information).
In the case of SNARF-OBn(pNO,), a time-dependent SNARF-
OH derived absorption and fluorescence increase were observed
(Figure S3b, Supporting Information). As shown in Figure 3D,
the fluorescence increased gradually over 200 min with an I/I,
of over 50, and ¢, , was determined to be 60 min. In the case of
C.SNARF-OH-OBn(pNO,), the absorption spectra underwent a
blueshift and the fluorescence spectra showed a significant in-
crease (Figure S3d, Supporting Information) which plateaued
within 100 min. I/I, and t,, were determined to be 20 and
25 min, respectively. The results suggest that the J-type colored
C.SNARF-OH-OBn(pNO,) cluster/?®l reacts with NTR, leading
to the deprotected and disassembled cluster to produce the flu-
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orescent C.SNARF-OH. On the other hand, the self-assembled
cluster derived from C.SNARF-(OBn(pNO,)), did not show any
absorption or fluorescence change over a 200 min reaction
(Figure S3e, Supporting Information). This indicates that the
self-assembled cluster formed by C.SNARF-(OBn(pNO,)), can-
not react with NTR under these experimental conditions. It
can be inferred from these results that C.SNARF-(OBn(pNO,)),
forms a sturdy and non-reactive cluster with strong hydrophobic
interactions caused by introducing two p-nitrobenzyl groups. The
absorption and fluorescence spectra of C.SNARF-OBn(pNO,)-
COOH treated with NTR showed a ratiometric absorption change
and slight fluorescence enhancement (Figure S3c, Supporting
Information). As confirmed in the previous section, C.SNARF-
OBn(pNO,)-COOH was present in the monomeric state in aque-
ous solution at pH 7.0. In addition, phenolic group-protected
C.SNARF-OH derivatives such as C.SNARF-OBn(pNO,)-COOH
exhibit the fluorescence properties of the phenol by fixing the
molecule in the phenol form. After the reaction with NTR, the
released C.SNARF-OH recovers the equilibrium between phe-
nol and phenolate. Thus, C.SNARF-OBn(pNO,)-COOH would
be expected to show a ratiometric spectral change. However, un-
der the experimental conditions at pH 7.0, C.SNARF-OH mainly
exists in the phenol form because the pKa of C.SNARF-OH is
7.6 (Table S1, Supporting Information).?!! Therefore, C.SNAREF-
OBn(pNO,)-COOH did not show a significant ratiometric fluo-
rescence change at pH 7.0 as shown in Figure S3c (Supporting
Information). To confirm the result, the reaction of C.SNARF-
OBn(pNO,)-COOH with NTR was conducted at pH 8.0 in a
separate experiment (Figure S4, Supporting Information). The
time-dependent ratiometric absorption and fluorescence change
were observed and the fluorescence-derived phenolate form of
C.SNARF-OH (635 nm) reached a plateau within 20 min which
is the same as C.SNARF-OBn(pNO,)-COOH at pH 7.0 as shown
in Figure S4c (Supporting Information). These results indicate
that monomeric C.SNARF-OBn(pNO,)-COOH can quickly re-
acts with NTR ((t;/, < 5 min)), though with only a slight fluores-
cence spectral change atpH 7.0 (I/I, = 1.5). Among these SNARF
derivatives, SNARF-OBn(pNO,) showed the largest fluorescence
enhancement (I/I, > 40 at 80 min), though with moderate reac-
tivity with NTR (t;, = 60 min) (Figure 3b,c; Table S3, Supporting
Information).

2.3. Comparison of the Structure and the Self-Assembled Cluster
Formation Properties of the p-Nitrobenzyl Group-Modified
Xanthene Derivatives

To expand the self-assembled cluster formation strategy, differ-
ent types of xanthene derivatives were designed and synthe-
sized to be protected by a p-nitrobenzyl group on the pheno-
lic moiety of the xanthene scaffold (e.g., Rhodol-OH, Rhodol-
Cl-OH, Fluorescein-OH (Table S1, Supporting Information)) as
shown in Figure 4 and the supporting information. The evalua-
tion of the spectroscopic properties of the xanthene derivatives
(Rhodol-OBn(pNO,), Rhodol-Cl-OBn(pNO,), and Fluorescein-
OBn(pNO,)) revealed that they produced absorption and fluo-
rescence emission spectra distinct from the original xanthene
fluorophores (Rhodol-OH, Rhodol-Cl-OH, and Fluorescein-
OH). Rhodol-OH, Rhodol-Cl-OH, and Fluorescein-OH showed
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Figure 3. a) The reaction scheme of p-nitrobenzyl group-modified SNARF derivatives by NTR, b) The time plot of the relative fluorescence inten-
sity changes (I/ly) of SNARF-OBn(pNO,) (black circle), C.SNARF-OBn(pNO,)-COOH (white triangle), C.SNARF-OH-OBn(pNO,) (white circle), and
C.SNARF-(OBn(pNO,)), (cross). c) Comparison of the relative fluorescence intensity changes of SNARF-OBn(pNO,), C.SNARF-OBn(pNO,)-COOH,
C.SNARF-OH-OBn(pNO,), and C.SNARF-(OBn(pNO,)), after a 80 min reaction with NTR. d) An illustration of the reactions of SNARF derivatives with

NTR and their outcomes.
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Figure 4. a,d,g) The molecular structure, b,e,h) the absorption spectra, and ¢ f,i) the fluorescence spectra (excited at 488 nm) of (a—c) Rhodol-OH (black
line) and Rhodol-OBn(pNO,) (red line), (d—f) Rhodol-CI-OH (black line) and Rhodol-Cl-OBn(pNO,) (red line), and (g—i) Fluorescein-OH (black line)
and Fluorescein-OBn(pNO,) (red line).[xanthene derivatives] = 10 um in pH 7.0 10 mm Tris, HEPES, and acetate buffer.

maximum absorption around 517, 526, and 490 nm, respectively
with fluorescence emissions around 548 559, and 514 nm at pH
7.0, respectively (Figure 4; Table S1, Supporting Information).
However, Rhodol-OBn(pNO,) and Rhodol-Cl-OBn(pNO,) did not
exhibit significant absorption above 400 nm or any fluorescence
emission (Figure 4a—f). SEM images and DLS showed the for-
mation of particles (Figure S5 and Table S4, Supporting Infor-
mation). These results support the self-assembled cluster for-
mation of Rhodol-OBn(pNO,) and Rhodol-Cl-OBn(pNO,) based
on the SAILac mechanism!'7'%] as they exhibited the lack of ab-
sorption. In the case of Fluorescein-OBn(pNO,), maximum ab-
sorption was found at 454 and 472 nm and fluorescence emis-
sion around520 nm (Figure 4g—i). The values are consistent with
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the phenol form of Fluorescein-OH.[22 The results indicate that
Fluorescein-OBn(pNO,) is present in the monomeric state in
aqueous solution.

2.4. Comparison of the Nitroreductase Reactivity of
p-Nitrobenzyl Group Modified Xanthene Derivatives

The reactivity of xanthene derivatives (Rhodol-OBn(pNO,),
Rhodol-Cl-OBn(pNO,), and Fluorescein-OBn(pNO,)) with NTR
(Figure 5a) were compared with that of SNARF-OBn(pNO,). The
absorption and fluorescence spectra of these derivatives were
measured in the presence of NTR (Figure 5b,c; Figures S6-S8,
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Figure 5. a) The reaction scheme of the p-nitrobenzyl group-modified xanthene derivatives deprotected by NTR. b) Time plot of the relative fluores-
cence intensity change (1/1;) of SNARF-OBn(pNO,) (black circle), Rhodol-OBn(pNO,) (white circle), Rhodol-Cl-OBn(pNO,) (asterisk), and Fluorescein-
OBn(pNO,) (white triangle). c) Comparison of the relative fluorescence intensity change of SNARF-OBn(pNO,), Rhodol-OBn(pNO,), Rhodol-Cl-

OBn(pNO,), and Fluorescein-OBn(pNO,) after a 10 min reaction with NTR.

Supporting Information), and their t, , and I/, are summarized
in Table S5 (Supporting Information). In the case of Rhodol-
OBn(pNO,) and Rhodol-Cl-OBn(pNO,), a time-dependent ab-
sorption and fluorescence increase originating from Rhodol-
OH (Figure S6, Supporting Information) and Rhodol-Cl-OH
(Figure S7, Supporting Information) was observed. The fluores-
cence of Rhodol-OBn(pNO,) quickly increased and reached a
plateau within 10 min (t;,, < 2 min). The maximum fluores-
cence change reached more than 120 (I/I, = 124) (Figure 5b;
Table S5, Supporting Information). Compared to SNAREF-
OBn(pNO,) (plateau reached around 200 min (t;,, = 60 min)
and I/I, = 56, Table S5, Supporting Information), Rhodol-
OBn(pNO,) showed rapid reactivity toward NTR and significant
fluorescence enhancement. Rhodol-Cl-OBn(pNO,) also showed
faster reactivity (plateau reached around 50 min (t,, = 10 min))
than SNARF-OBn(pNO,) with a significant fluorescence increase
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(I/1, = 154), which was greater than that of Rhodol-OBn(pNO,)
as well. On the other hand, Fluorescein-OBn(pNO,), which is
present in the monomeric state in aqueous solution, showed
rapid reactivity (plateau reached within 5 min (¢, < 2 min))
and moderate fluorescence enhancement (I/I, = 14). Further-
more, the pH effect and the influence of various potentially
biorelevant interferents on the detection of NTR activity are
demonstrated in Figures S9 and S10 and Notes S1 and S2 (Sup-
porting Information), respectively. Next, the kinetic parameters
of the compounds (Rhodol-OBn(pNO,), Rhodol-Cl-OBn(pNO,),
SNARF-OBn(pNO,), and Fluorescein-OBn(pNO,)) were deter-
mined, respectively (Figure S11, Table S6 and Note S3, Support-
ing Information). By comparing the apparent k_,,/ K, values, the
self-assembled cluster derived from Rhodol-OBn(pNO,) (k.,./K,,
= 3900 + 300 M7's7!) has a similar reactivity with the
Fluorescein-OBn(pNO,) (k.,/K, = 4000 + 500 m~'s71), which
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exists in the monomeric state. On the other hand, Rhodol-
Cl-OBn(pNO,) (k. /K, = 830 + 200 m~'s7!) and SNARF-
OBn(pNO,) (k../K, = 25 + 2.0 M~1s7!) have relatively slow re-
activity. These results are consistent with the results based on
the comparison of ¢, , (Table S5, Supporting Information). Based
on these results, self-assembled Rhodol-OBn(pNO,) showed suf-
ficient reactivity toward NTR which was comparable to that of
monomeric Fluorescein-OBn(pNO,) with superior fluorescence
enhancement.

2.5. Endogenous Nitroreductase Activity in E. coli Monitored by
Self-Assembled Rhodol-OBn(pNO,) and SNARF-OBn(pNO,)

The endogenous nitroreductase activity in Escherichia coli (E. coli)
was directly monitored using Rhodol-OBn(pNO,) or SNARF-
OBn(pNO,), both of which formed stable self-assembled clusters
to react with NTR (Figure 6). First, DH5a, well-known as a E. coli
K-12 derivative, was selected for use. A confluent E. coli cell cul-
ture and a five-fold concentrated culture were mixed with Rhodol-
OBn(pNO,) or SNARF-OBn(pNO,) and their time-dependent flu-
orescence intensity change was monitored (Figure 6b,c). In the
case of Rhodol-OBn(pNO,), a significant E. coli concentration-
dependent difference in the fluorescence increase was observed
within the first 100 min and the fluorescence increased linearly
over 500 min (Figure 6b). On the other hand, in the case of
SNARF-OBn(pNO,), little difference in the SNARF fluorescence
was observed in the first 100 min and a slight difference from the
control was observed only after a 500 min incubation (Figure 6c¢).
The result was consistent with the previous finding that Rhodol-
OBn(pNO,) (I/I, = 124, t,;;, < 2 min) has greater potential to
monitor NTR reactivity in the test tube than SNARF-OBn(pNO,)
(I/1, = 56, t;;, = 60 min) (Table S5, Supporting Information).
Next, the endogeneous nitroreductase activity of BL21(DE3) cells,
which is known as a E. coli B strain derivative, and that of
DH5a cells were compared by using Rhodol-OBn(pNO,) and
SNARF-OBn(pNO,) (Figure 6d,e). A confluent E. coli culture of
DH5a and BL21(DE3) cells were mixed with Rhodol-OBn(pNO,)
or SNARF-OBn(pNO,) and their fluorescence intensities were
quantified by gel imager as shown in Figure S12 (Support-
ing Information). The reaction yield of Rhodol-OBn(pNO,) or
SNARF-OBn(pNO,) was determined from the calibration curve
(Figure S12b, Supporting Information) obtained from differ-
ent ratios of Rhodol-OBn(pNO,) and Rhodol-OH or SNAREF-
OBn(pNO,) and SNARF-OH, respectively. After a 3 h incu-
bation with BL21(DE3) or DH5a cells, the reaction yield of
Rhodol-OBn(pNO,) or SNARF-OBn(pNO,) with BL21(DE3) cells
was shown to be significantly higher than that of DH5a cells
(Figure 6d). In the case of both E. coli strains, Rhodol-OBn(pNO,)
showed a significantly higher reaction yield than that of SNARF-
OBn(pNO,) (Figure 6d) which is consistent with our previous
findings (Figure 6b,c). Furthermore, Rhodol-OBn(pNO,) with
1 mm NADPH showed a significantly higher reaction yield than
in the absence of NADPH (Figure 6e), indicating that Rhodol-
OBn(pNO,) is a probe for the endogenous NADPH-dependent
nitroreductases such as NfsA and/or NfsB. The same result was
observed for SNARF-OBn(pNO,) (Figure S12c, Supporting In-
formation). Furthermore, the small numbers of E. coli detected
by Rhodol-OBn(pNO,) are shown in Figure S13 (Supporting In-
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formation). In the presence of 1 mm NADPH with 3 h incuba-
tion, Rhodol-OBn(pNO,) significantly detected BL21(DE3) cells
at an ODyy, of 0.21, which is 1.7 x 10® cells mL~!. Moreover,
pretreatment of BL21(DE3) cells with the reductase inhibitor
(Dicoumarol) showed an effect on Rhodol-OBn(pNO,) reaction
(Figure S14, Supporting Information), indicating the increment
of fluorescence intensity was caused by the reaction of Rhodol-
OBn(pNO,) with endogenous reductase (Figure S15 and Note S4,
Supporting Information). Moreover, pretreatment of BL21(DE3)
cells with a reductase inhibitor (Dicoumarol) showed an effect
on the Rhodol-OBn(pNO,) reaction (Figure S14, Supporting In-
formation), indicating the increase in fluorescence intensity was
caused by the reaction of Rhodol-OBn(pNO,) with endogenous
reductase.

3. Discussion

Classification of the fluorophore scaffolds having a free
phenol group (C.SNARF-OH, Fluorescein-OH, Rhodol-OH,
Rhodol-CI-OH, SNARF-OH, C.SNARF-OH-OBn(pNO,)) based
on the LogD,;(lactone) as a predictor of hydrophobicity
(LogD,170(lactone) was defined as the LogD of the molecules
in the lactone form at pH 7.0. See details in Figures S16
and S17 and Tables S7 and S8, Supporting Information) was
carried out using the Pallas software. It was found that the hy-
drophobicity increased in the order C.SNARF-OH, Fluorescein-
OH, Rhodol-OH, Rhodol-Cl-OH, SNARF-OH, C.SNARF-OH-
OBn(pNO,) (Figure S15, Supporting Information). Based on the
absorption spectra shown in Figures 2, 4, and Slc (Supporting
Information), all of the fluorophore scaffolds were present in the
dispersed state in the buffer conditions (pH 7.0 10 mm Tris-Cl
buffer) except for C.SNARF-OH-OBn(pNO,). Though C.SNARF-
OH-OBn(pNO,) existed as the colored cluster, the cluster was
dispersed in the presence of FBS-containing buffer (Figure S18
and Note S5, Supporting Information), indicating that C.SNARF-
OH-OBn(pNO,) formed the colored cluster, that is, the quinoid
state cluster, through weak hydrophobic interactions. These re-
sults indicated the order of the hydrophobicity can be pre-
dicted based on the LogD,,;;, o(lactone). Next, the classification of
these fluorophores, of which the phenol group was modified by
Bn(pNO,), was also carried out based on the LogD ;¢ (lactone).
It was found that the hydrophobicity increased in the order
C.SNARF-OBn(pNO,)-COOH, Fluorescein-OBn(pNO,), Rhodol-
OBn(pNO,), Rhodol-Cl-OBn(pNO,), SNARF-OBn(pNO,), and
C.SNARF-(OBn(pNO,)), (Figure S17, Supporting Information),
which is the same order as the fluorophore scaffold alone (Figure
S16, Supporting Information). Based on the absorption spec-
tra (Figures 2, 4, and Slc, Supporting Information) and DLS
measurements (Tables S2 and S4, Supporting Information), the
hydrophobic derivatives such as Rhodol-OBn(pNO,), Rhodol-Cl-
OBn(pNO,), SNARF-OBn(pNO,), and C.SNARF-(OBn(pNO,)),
formed the cluster as the colorless lactone form and the thresh-
old between the dispersed and cluster states in the mea-
surement buffer was present between Fluorescein-OBn(pNO,)
and Rhodol-OBn(pNO,) (Table S8, Supporting Information). It
should be noted that the order of the hydrophobicity of Bn(pNO,)-
modified xanthene fluorophores showed good correlation with
the reactivity toward NTR. As an indicator of the reactivity to-
ward NTR, the ¢, value was compared to the hydrophobicity
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defined by the LogD ;;, o (lactone) (Tables S3, S5, and S8, Support-
ing Information). The ¢, , value increased in the order Rhodol-
OBn(pNO,) (<2 min), Rhodol-Cl-OBn(pNO,) (10 min), SNARF-
OBn(pNO,) (60 min), and C.SNARF-(OBn(pNO,)), (no reac-
tivity), the order of which showed good agreement with the
order of hydrophobicity. These results indicate that the self-
assembled fluorescent NTR probes with a reactive OBn(pNO,)-
containing xanthene fluorophore can be designed based on their
hydrophobicities.

Among the self-assembled colourless cluster-based fluores-
cent NTR probes, Rhodol-OBn(pNO,) has the highest reactiv-
ity toward NTR (t;, < 2 min, k. /K, = 3900 + 300 M~'s™")
with good fluorescence change (I/I, = 124) and was used to
detect the endogenous nitroreductase activity in E. coli. It is
known that E. coli have numerous candidate nitroreductase
genes (nfsA, nfsB, azoR, nemA, yieF, ycaK and mdaB).[2>-31]
Among them, NfsA and NfsB are the founding members of two
families of NTRs that occur in a large number of bacteria.l*?]
SNARF-OBn(pNO,), which has less reactivity and smaller fluo-
rescence change than Rhodol-OBn(pNO,), was used as the con-
trol of the self-assembled cluster type fluorescent probe. As
shown in Figure 6b,c, Rhodol-OBn(pNO,) showed higher reac-
tivity and larger fluorescence increase than SNARF-OBn(pNO,),
which was consistent with the test tube experiment (Table
S5, Supporting Information). The results indicate that Rhodol-
OBn(pNO,) performed better than SNARF-OBn(pNO,) as a self-
assembled fluorescent probe for monitoring endogenous ni-
troreductase activity in E. coli. Interestingly, there was a signif-
icant difference in the reaction yield of Rhodol-OBn(pNO,) be-
tween the types of E. coli, that is, BL21(DE3) (E. coli B strain)
had higher endogenous nitroreductase activity than DH5a (E.
coli K strain). Furthermore, in the presence of high concentra-
tions of NADPH (1 mw), a significantly higher reaction yield
was observed than in the absence of NADPH supplementa-
tion. As was studied in-depth previously, both NfsA and NfsB
showed NADPH dependent reactivity.?3] Therefore, it is pos-
sible that endogenous NfsA and/or NfsB were the main ni-
troreductase(s) to react with Rhodol-OBn(pNO,) in E. coli.3134
However, based on the study of NTR-responsive prodrugs, there
are still several other candidates such as NemA that may re-
act with Bn(pNO,).[2>35] Further experiments will be required
to identify the specific enzymes that respond to these probes.
Moreover, a wide range of nitroreductases are known to be
present in various bacterial genomes including the ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) which are pathogenic and harmful to
human beings.[**] They are also present in some eukaryotes,
especially those existing in hypoxic conditions.’”! Thus, ni-
troreductases have drawn great attention in recent years ow-
ing to their biotechnological, biomedical, environmental, and
human impact.®®] Therefore, it becomes important to detect
their activity within the cell.??) Rhodol-OBn(pNO,) has the po-
tential to be applied to a wider range of bacterial nitrore-
ductase detection. We expect Rhodol-OBn(pNO,) to facilitate
more detailed studies on the detection of bacterial nitroreduc-
tases in the future using differen cell types, which should
help to classify and distinguish the differences in the series of
Dbacteria.
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4. Conclusion

Based on the structure-activity relationship study of xanthene
fluorophores as nitroreductase probes bearing a p-nitrobenzyl
group, we demonstrated that the SAILac mechanism could be
applied not only to compounds with SNARF-OH as the scaf-
fold but also to other xanthene fluorophores such as Rhodol-OH,
Rhodol-Cl-OH, and C.SNARF-OH. By considering the hydropho-
bicity of the fluorophore scaffold, we could make accurate predic-
tions and thereby design sophisticated derivatives having high
reactivity toward the target. In particular, Rhodol-OBn(pNO,),
which has lower hydrophobicity than SNARF-OBn(pNO,) but
forms a self-assembled cluster based on the SAILac mechanism,
showed higher reactivity toward NTR than SNARF-OBn(pNO,).
Additionally, Rhodol-OBn(pNO,) showed a higher fluorescence
increase and was able to more sensitively detect endogenous ni-
troreductase activity in E. coli than SNARF-OBn(pNO,), which
could just barely detect the endogeneous nitroreductase. With
the expansion of this knowledge, we will rationally design SAILac
mechanism-based fluorescent probes, which have the appropri-
ate wavelengths, different fluorescence properties, and optimal
reactivity toward various targets. Work in this direction is ongo-
ing in our laboratory.

5. Experimental Section

Materials and Methods—General: "H-NMR spectra were recorded on
a JEOL JNM-EX400 spectrometer (400 MHz) using tetramethylsilane as
the internal standard. Chemical shifts were reported in ppm. Coupling con-
stants were reported in Hz. HRMS was measured on a JOEL JMS-700 mass
spectrometer using the FAB method. Reactions were monitored by analyt-
ical TLC using Merck Silica Gel 60 F254 aluminum plates. Column chro-
matography was performed on Kanto Chemical Silica Gel 60 N (230-400
mesh). All chemicals were purchased from Wako Pure Chemical Indus-
tries, Ltd (Osaka, Japan), Kanto Chemical Co., Inc. (Tokyo, Japan), Tokyo
Chemical Industry Co., Ltd (Tokyo, Japan), Sigma-Aldrich Japan (Tokyo,
Japan), or Invitrogen (Tokyo, Japan).

Materials and Methods— Synthesis of Xanthene Derivatives and Prepara-
tion of Stock Solution: The synthetic methods and characterization data
were previously described for SNARF-OH, C.SNARF-OH, and SNARF-
OBn(pNO,).1"823-25] The details of the synthetic methods and charac-
terization data for C.SNARF-(OBn(pNO,),, C.SNARF-(OBn(pNO,)-OH,
C.SNARF-OH-(OBn(pNO,), Rhodol-OBn(pNO,), Rhodol-Cl-OBn(pNO,)
and Fluorescein-OBn(pNO,) were described here in the Supporting infor-
mation. Their stock solutions (2 mm DMSO) were prepared and used in
subsequent experiments by diluting with the assay buffer.

Materials and Methods—Calculation of the logD,y: The logD, val-
ues were determined using Pallas software. LogD ;o (lactone) and Log
Dyi7.0(quinoid) indicate the logDp of the lactone and the quinoid forms,
respectively, of xanthene fluorophores at pH 7.0.

Materials and Methods—Absorption Spectrophotometry:  Absorption
spectra of xanthene derivatives were measured in 10 mm Tris-HCl at pH
7.0 or pH 5.0 at room temperature. Absorption spectra were recorded on
a U-3300 spectrometer (Hitachi), UV-2550 spectrometer (Shimadzu), or
Infinit M200 (Tecan).

Materials and Methods—Fluorescence Spectrophotometry:  Fluores-
cence spectra of SNARF derivatives were measured with excitation at
534 nmin 10 mm Tris-HCl buffer at pH 7.0 or pH 5.0 at room temperature.
Fluorescence spectra were recorded on a F-4500 spectrometer (Hitachi),
F-7000 spectrometer (Hitachi) or Infinit M200 (Tecan).

Materials and Methods—Absolute Fluorescence Quantum Yield Mea-
surement: The absolute fluorescence quantum yields were determined
at room temperature on a Quantaurus QY (C11347-11, Hamamatsu)
equipped with an integrating sphere.
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Materials and Methods—DLS Analysis:  Dynamic light scattering (DLS)
measurements were taken by placing xanthene derivatives in 10 mm Tris-
HCl buffer at pH 7.0. The DLS was measured with a DLS-7000DL (Otsuka
Electronics).

Materials and Methods—SEM Imaging: The xanthene derivatives (10
um) in distilled water were dropped on a glass plate (9 mm x 9 mm) and
dried at room temperature for 24 h. Pt—Pd coating was applied for 30 s.
SEM images were recorded on a S-4700 Field-Emission Scanning Electron
Microscope (Hitachi). lon beam spattering was performed on an E-1020
ion sputterer (Hitachi).

Materials and Methods—Bioreductive Activation of Nitroaromatic Residue
by Nitroreductase: Nitroreductase from E. coli (NTR, NfsB) was pur-
chased from SIGMA Co. Itd. The preincubated solution of xanthene deriva-
tives (5 um) and NADPH (500 pm) in the assay buffer (50 mm Tris—HCl
buffer (pH 7.0 or pH 8.0)) at 20 + 1 °C was mixed with NTR (final concen-
tration: 0 or 2.0 U mL™"). The fluorescence spectra and UV-vis spectra
were monitored during the appropriate reaction time.

Materials and Methods—Kinetic Assay: A calibration curve of fluores-
cence intensity versus concentration of Rhodol-OH (the enzymatic reac-
tion product of Rhodol-OBn(pNO,)) was created by measuring the fluo-
rescence intensity of 0.78, 1.6, 3.1, 6.3, 13, 25, and 50 um of in 50 mm
Tris—HCI buffer (pH 7.0) at 20 + 1 °C. The enzyme reaction for the ki-
netic study was performed in 50 mm Tris—HCl buffer (pH 7.0) containing
NADPH (500 um), NTR (20 ug mL~") and Rhodol-OBn(pNO,) (0.78-50
um) at 20 = 1°C. The reaction was initiated upon the addition of NADPH,
and the change in fluorescence intensity was monitored (excitation wave-
length: 480 nm, emission wavelength: 550 nm). The initial velocity was
calculated from the change in fluorescence intensity with the calibration
curve, and plotted against substrate concentration. The results were fitted
to the Michaelis—Menten Equation (1) using GraphPad Prism software to
calculate the apparent kinetic parameters.

Vini = VinaxlS1/ (Ko + [S]) M

where V,,; = initial velocity and[S] = substrate concentration. k.., was de-

rived from the following Equation (2).

kcat = Vinax/[Elo (2)

where[E], = molar enzyme concentration (0.83 um). k., was calculated
using the molecular weight of NTR (24000).

The kinetic parameters of Rhodol-CI-OBn(pNO,), SNARF-
OBn(pNO,), and Fluorescein-OBn(pNO,) were determined the same
manner.

Materials and Methods—Bioreductive Activation of Nitroaromatic Residue
by Endogenous Nitroreductase in E. coli: The initial stock culture of Es-
terichia coli (DH5a or BL21(DE3) transformed with the pET30a plasmid)
was made by reconstituting lyophilized bacteria in warm LB medium (Tryp-
tone 10 g L™, Yeast Extract 5g L™, Sodium Chloride 10 g L™') with 30
pg mL™! Kanamycin sulfate and grown overnight at 37 °C and 200 rpm
to an optical density at 600 nm (ODgqg) of ~2.0. The concentration of
E. coli cell cultures was calculated by ODgpq (1.0 of ODgpg = 8 x 102
cells mL=")[#0] For preparation of the five-fold concentrated E. coli solu-
tion, the bacteria solution (1 mL) was centrifuged at 3000 rpm for 10 min
and 800 pl of the supernatant was removed. For the preparation of differ-
ent ODgy of E. coli, the bacteria solution (1 mL) was diluted by LB medium
and measured ODygq. For preparation of E. coli in PBS buffer, the bacteria
solution (1 mL) was centrifuged at 300 rpm for 10 min and the super-
natant was exchanged to PBS buffer and measured ODgq, (2.1 of ODggq
samples were used). For preparation of a reductase inhibitor (dicoumarol)
treated E. coli, the bacteria solution (1 mL) was mixed with dicoumarol (fi-
nal concentration 100 pum). 5 pl of a 2 mm DMSO stock solution of Rhodol-
OBn(pNO,) or SNARF-OBn(pNO,) were mixed with 1.0 mL of E. coli solu-
tion (final concentration 10 pum with or without NADPH (1 mm)) and incu-
bated at 37 °C. The fluorescence intensities and fluorescence images of the
samples in a 96-well microplate[Greiner Microplate, 655 906, 96-well, PS,
F-bottom (chimney well) mCLEAR, black, nonbinding] were monitored at
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the appropriate reaction time. Rhodol-OBn(pNO,) or SNARF-OBn (pNO,)
were excited at 480 or 530 nm and detected at 540 or 600 nm, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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