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bstitution uncages fluorogenic
probes for detection of metallo-carbapenemase-
expressing bacteria†

Aiguo Song, a Yunfeng Cheng,a Jinghang Xie, a Niaz Banaeib

and Jianghong Rao*a

This work reports a novel caging strategy for designing fluorogenic probes to detect the activity of

b-lactamases. The caging strategy uses a thiophenyl linker connected to a fluorophore caged by a good

leaving group—dinitrophenyl. The uncaging proceeds in two steps through the sulfa-releasing and

subsequent intramolecular substitution. The length of the linker has been examined and optimized to

maximize the rate of intramolecular reaction and thus the rate of fluorescence activation. Finally based on

this strategy, we prepared a green fluorogenic probe CAT-7 and validated its selectivity for detecting

metallo-carbapenemases (VIM-27, IMP-1, NDM-1) in carbapenem-resistant Enterobacteriaceae (CRE) lysates.
Introduction

Fluorescent probes have been widely used for bioanalytical and
bioimaging applications because of high sensitivity, ease of use
and low expense.1–4 Among them uorogenic probes offer the
feature of signal “turn-on” in contact with the analyte without
the need to remove or wash off the unreacted probes, and are
thus particularly attractive.5 A number of strategies have been
reported to develop uorogenic probes, such as the popular
uorescence resonance energy transfer (FRET) mechanism,6–9

the modulation of the pi-conjugation10–12 or conformation13 of
the uorophore, and photo electron transfer.14–16 Another
common strategy is to chemically cage the uorophore with
a group that can be specically removed by the analyte (Fig. 1).17

The caging group may be directly coupled to the uorophore
and provide the “off-state” probe. When this direct caging
strategy cannot be implemented or a uorogenic probe with the
direct caging performs poorly, for example, slow kinetics due to
the steric effect of the bulky uorophore, a linker is oen
designed to connect the two units to facilitate the design. Such
linkers are designed to be immolative to enable the generation
of the free uorophore and restoration of the uorescence
emission. In this work, we report a new linker design for indi-
rect caging of uorophore: instead of self-immolation, the u-
orophore regeneration proceeds through intramolecular
epartments of Radiology and Chemistry,

tanford, CA 94305-5484, USA. E-mail:

ology Laboratory, Stanford Hospital and

tion (ESI) available. See DOI:

hemistry 2017
substitution reaction aer uncaging. In demonstrating this
design, we successfully applied it to develop turn-on uorogenic
probes for detecting b-lactamases.

b-Lactamases are a class of bacterial hydrolase responsible
for the microbial resistance to lactam antibiotics through
enzymatic degradation of the lactam rings.18 Since the rst b-
lactamase was discovered in 1940,19 hundreds of b-lactamases
have been identied. Among them, carbapenemases20 can
hydrolyse broad-spectrum carbapenem antibiotics that are
oen considered the last option for effective therapy of infec-
tions with resistant organisms, and are responsible for the
emergence of carbapenem-resistant Enterobacteriaceae (CRE)21

over the past decade. CRE infection has le clinicians with few
treatment options, and the global spread of CRE has created
a serious threat to public health.

Carbapenemases have been classied into two major groups
based on their active sites: (i) serine carbapenemases belonging
to the class A penicillinases and class D oxacillinases, which
possess a serine residue active-site as a nucleophile to cleave the
b-lactam ring; and (ii) metallo-b-lactamases (MBLs) belonging
to the class B carbapenemases, which require a Zn2+–OH for
nucleophilic attack on the b-lactam bond.21–23 Among the
Fig. 1 Comparison of direct and indirect caging strategies.
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members of the metallo-carbapenemase family, Verona
integron-encoded MBLs (VIM), “active on imipenem” (IMP),
and New Delhi metallo-b-lactamase-1 (NDM-1) are the most
common.21,24 Antibiotic resistance due to acquired metallo-
carbapenemase-expressing bacteria is considered to be more
serious because of their strong hydrolysis ability and rapid
dissemination.25 Inexpensive and simple operational uores-
cent carbapenemase imaging assay is thus requisite to monitor
the occurrence of carbapenemase-expressing bacteria.

There have been a number of uorescent probes reported for
the detection of b-lactamases based on cephalosporin where
uorophores are oen attached to the 30 carbon position.26–33

The hydrolysis of the lactam ring by b-lactamases results in the
release of attached uorophores through fragmentation. In
designing specic carbapenemase-responsive probes, carbape-
nem has been used as recognition moiety and conjugated
a uorophore BODIPY via an alkenyl linkage, though it is
unclear whether this approach can be generalized for other
Fig. 2 Structure of cephalosporin-arylated Tokyo green probes.

Scheme 1 Synthesis of cephalosporin-arylated Tokyo green probes and
TIPS, DCM, rt, 3 h; (iii) Boc-(Gly)m-OH, HBTU, DIPEA, DMF, rt, 1 h; (iv) 4
DIPEA, DMF, rt, 1 h; (vi) TFAA, NaI, acetone, �20 �C, 2 h.

7670 | Chem. Sci., 2017, 8, 7669–7674
uorophores.34 We have previously converted the R congura-
tion of C7 in the cephalosporin to S,35 and directly attach a blue
uorophore coumarin to the 30 position. Herein, we conceptu-
alized an indirect caging strategy using an intramolecular
substitution and designed a probe specic for metallo-
carbapenemases like IMP-1, VIM-27 and NDM-1 with green
uorescent emission.
Results and discussion

We began our caging strategy design from the observations that
many of the uorophores carry a phenolic group and that caged
phenolic groups lead to the decrease, sometimes even loss, of
uorescence emission. The direct coupling of the phenolic
group of the uorophore to the 30 position of cephalosporin
affords an allyl phenyl ether structure, which is prone to
spontaneous hydrolysis in water. In comparison, allyl phenyl
thioether would offer better stability. However, in order to take
advantage of the stability of allyl phenyl thioether in the linker,
a uorophore-releasing strategy would have to be in place since
the thiophenyl group is generally not present in uorophores.
We envision a design that the released thiophenyl group can act
through an intramolecular substitution reaction to produce
uorescence activation. In this design, the uorophore caging
takes place through a separate group, unlike in the direct caging
strategy that uses the linker to cage the uorophore. Fig. 2
shows examples of such a design based on cephalosporin with
a thiophenyl linker to a green uorescence emission uo-
rophore Tokyo green caged by dinitrophenyl arylation. The
choice of dinitrophenyl caging is motivated by reported high
efficiency in uorescence quenching and stability in water
toward endogenous nucleophiles such as cysteine and gluta-
thione (GSH).36–38

Cephalosporin-arylated Tokyo green (CAT) probes (Fig. 2)
were prepared by conjugating arylated Tokyo green to
conditions: (i) 2,4-dinitro-1-fluorobenzene, K2CO3, DMF, rt, 1 h; (ii) TFA,
-mercaptophenylacetic acid, DIPEA, DCM, rt, 0.5 h; (v) B or C, HBTU,

This journal is © The Royal Society of Chemistry 2017
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cephalosporin through a thiophenyl linker (Scheme 1). Probe
CAT-1 was obtained by direct conjugation of thiophenylacetic
acid to arylated Tokyo green and cephalosporin. As expected,
CAT-1 was slowly responsive upon treatment with 20 nM or even
200 nM BlaC to produce only 2-3-fold increase in uorescence
emission in the phosphate-buffered saline (PBS, pH ¼ 7.4),
likely due to the short linker that prevents intramolecular
substitution from occurring (Fig. 3 and S1†). To our delight, the
kinetics was signicantly improved when probe CAT-2 bearing
a longer linkage was tested under the same condition to give
a 19-fold of increase in uorescence emission within 2 h (Fig. 3
and S1†).

We further examined the correlation between enzymatic
reaction rate and the linker length and synthesized probes CAT-
3 to CAT-6. It was found that probes bearing a longer linker
generally showed faster uorescence enhancement upon the
treatment of b-lactamase (Fig. 3 and S1†). For example,
Fig. 3 Time dependence ofCAT probes (10 mM in PBS, pH¼ 7.4) upon
incubation with BlaC (20 nM) at 22 �C. Fluorescence data were
collected with excitation at l ¼ 490 nm (bandwidth 5 nm) and emis-
sion at l ¼ 510 nm (bandwidth 5 nm). Error bars are � SD.

Fig. 4 Time-dependent fluorescence response of CAT-7 (10 mM) and
CAT-8 (10 mM) upon incubation with IMP-1 (0.3 nM) in PBS (pH ¼ 7.4)
at 22 �C. Fluorescence intensity was measured on a plate reader with
excitation at l¼ 490 nm (bandwidth 5 nm) and emission at l¼ 510 nm
(bandwidth 5 nm). Error bars are � SD.

This journal is © The Royal Society of Chemistry 2017
treatment of CAT-6 with 20 nM BlaC in PBS (pH ¼ 7.4) at 22 �C
yielded a maximal uorescence increase within 20 min. CAT-5
was slightly slower in reaching the maximal uorescence
increase than CAT-6, and both were much faster than CAT-4
under the same condition. These observations were conrmed
by the catalytic efficiency data of the CAT probes summarized in
Table S1.† Moreover, these cephalosporin-arylated Tokyo green
scaffolds were proved to be stable in PBS (pH ¼ 7.4) at 22 �C
within 24 h (kuncat z 10�8 s�1).

Based on these results, we selected CAT-6 as the design for
metallo-carbapenemase detection. In addition to the conver-
sion of the R conguration of C7 in the cephalosporin to S, an
isopropyloxy substitution was incorporated to the 7-position to
produce metallo-carbapenemase specic probe CAT-7 (Fig. 2).
The enzymatic activation process of CAT-7 by metallo-
carbapenemase IMP-1 was analysed by plate reader, uorom-
eter and HPLC (Fig. 4–6), revealing the formation of the ex-
pected product CAT-7-P conrmed by HRMS (Fig. S2†). Probe
Fig. 5 HPLC traces of CAT-7 (5 mM) in the absence or presence of
IMP-1 (5 nM) in PBS (pH ¼ 7.4) at 22 �C for 2 h.

Fig. 6 UV-vis (a) and fluorescence (b) spectra ofCAT-7 incubated with
IMP-1 (2.5 nM) for 2 h in PBS (pH ¼ 7.4) at 22 �C. (a) CAT-7 (10 mM); (b)
CAT-7 (1 mM). Fluorescence data were collected with excitation at l ¼
490 nm and emission at l ¼ 510 nm on a fluorometer.

Chem. Sci., 2017, 8, 7669–7674 | 7671
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Fig. 7 Fluorescent assay of metallo-carbapenemases by CAT-7 (10
mM). (a) Fluorescence response of CAT-7 upon incubation with various
concentrations of indicated b-lactamases within 2 h in PBS (pH 7.4) at
22 �C. (b) Time dependence of CAT-7 in the absence or presence of
VIM-27, IMP-1 and NDM-1. (c) Inhibition of VIM-27, IMP-1 or NDM-1 (1
nM) by EDTA (100 mM) upon incubation with CAT-7. Fluorescence
intensity was measured on a plate reader with excitation at l¼ 490 nm
(bandwidth 5 nm) and emission at l ¼ 510 nm (bandwidth 5 nm). Error
bars are � SD.

Table 1 Kinetic parameters of CAT-7 in the presence of metallo-carbap

Name

VIM-27 IMP-1

Km [mM] kcat [s
�1]

kcat/Km

[�104 s�1 M�1] Km [mM] kcat [s
�1]

k
[�

CAT-7 13.0 � 2.5 0.8 � 0.01 6.4 � 1.1 52.7 � 23 10.3 � 3.5 2

a Kinetic data were measured in PBS buffer (100 mM, pH¼ 7.4) at room tem
with excitation at l ¼ 490 nm (bandwidth 5 nm) and emission at l ¼ 5
experiments.

Fig. 8 Fluorescence response of CAT-7 (10 mM) upon incubation with
various bacteria lysates (4 � 105 cfu in 100 mL PBS, pH ¼ 7.4) at 22 �C
for 2 h. Fluorescence intensity was measured on a plate reader with
excitation at l¼ 490 nm (bandwidth 5 nm) and emission at l¼ 510 nm
(bandwidth 5 nm). Error bars are � SD.

7672 | Chem. Sci., 2017, 8, 7669–7674
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CAT-7 showed a typical broad absorption band at 460 nm; upon
treatment with IMP-1, the absorption peak shied to 490 nm,
and its uorescent intensity around 510 nm increased by 37-
fold in PBS (pH ¼ 7.4) at 22 �C within 1 h (Fig. 6).

To further validate the intramolecular substitution mecha-
nism, we replaced the dinitrophenyl caging group by a mono-
nitrophenyl group to make probe CAT-8. This substitution
would expect to affect the intramolecular reaction due to the
enhanced stability of the mono-nitrophenyl ether. As shown in
Fig. 4, CAT-8 displayed a much lower uorescent response than
CAT-7 and yielded just 3-fold increase in uorescence emission
within 2 h.

The specicity of CAT-7 was investigated by measuring the
uorescence response aer exposure to a variety of b-lactamases
in PBS (pH ¼ 7.4) at 22 �C. As shown in Fig. 7, there is
a concentration-dependent uorescent response to metallo-
carbapenemases VIM-27, IMP-1 and NDM-1 but not other b-
lactamases. These results demonstrated the excellent selectivity
of CAT-7 for metallo-carbapenemases over other b-lactamases.
Treatment of CAT-7with 5 nM IMP-1 in aqueous buffer (PBS, pH
7.4) resulted in a 77-fold increase in uorescence over 2 h
(Fig. 7a). The kinetic parameters of CAT-7 upon incubation with
IMP-1, VIM-27 and NMD-1 were determined (Table 1). In
comparison to the coumarin based CRE probe (S)-CC-3,35 the
kinetic efficiency for IMP-1, VIM-27 and NDM-1 is similar, but
the chemical stability of CAT-7 was signicantly improved (the
spontaneous hydrolysis rate decreased by 30-fold).
enemasesa

NDM-1 Spontaneous

cat/Km

105 s�1 M�1] Km [mM] kcat [s
�1]

kcat/Km

[�104 s�1 M�1]
Hydrolysis rate
[�10�8 s�1]

.0 � 0.22 8.8 � 0.73 0.4 � 0.16 4.5 � 0.23 1.5 � 0.1

perature (22 �C). Fluorescence intensity was measured on a plate reader
10 nm (bandwidth 5 nm). All data indicate averages of three replicate

This journal is © The Royal Society of Chemistry 2017
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To conrm that the uorescence enhancement was depen-
dent on the metallo-carbapenemase catalysed process, EDTA
was added to inhibit the enzyme activity (Fig. 7c). No detectable
signal increase was observed aer 2 h, conrming that the
uorescence increase is directly related to the activity of
metallo-carbapenemases. Furthermore, the inhibition of IMP-1
with a thiol analogue captopril (100 mM) was also investigated
and conrmed using probe CAT-7, as shown in Fig. S4.†

Finally, we evaluated if CAT-7 could detect metallo-
carbapenemases in clinical bacteria samples. As shown in
Fig. 8, a variety of bacterial lysates (4 � 105 cfu in 100 mL PBS,
pH ¼ 7.4) was incubated with CAT-7 for 2 hours, and bacteria
samples VIM-27, IMP-1, and NDM-1 expressing showed
a greater enhancement in uorescence upon incubation with
over control b-lactamases, demonstrating the ability of CAT-7 to
detect metallo-carbapenemases in clinical CRE strains. As
a comparison, commercially available uorogenic probe Fluo-
rocillin showed uorescence enhancement when incubated
with all bacterial strains without any specicity (Fig. S5†).

Conclusions

In summary, a novel platform for caging uorophores and
designing uorogenic probes is presented, which uses a thio-
phenyl linker connected to a uorophore caged by a good
leaving group—dinitrophenyl. Upon the reaction with the ana-
lyte, the thiophenyl group is released and intramolecularly
substitutes the dinitrophenyl caging group on the uorophore.
While we demonstrated this caging platform for designing
Tokyo green (CAT) based uorogenic probes to detect metallo-
carbapenemases in carbapenem-resistant Enterobacteriaceae
(CRE) lysates, we expect that it can be generally applied to other
analytes and uorophores.
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