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The simultaneous screening of multiple enzyme activities in a single assay has numerous 
advantages over the traditional format, since it decreases sampling errors, allows savings in reagents 
and consumables and reduces the time and labor required to conduct the assays. In the present study, 
a direct and sensitive assay for the simultaneous detection of epoxide hydrolase and esterase (or 
lipase) activities was developed. Signal overlap is avoided by synthesizing fluorogenic probes with 
enzyme-specific alkyl linkers, connected to different fluorophores (resorfurin and umbelliferone), 
which exhibit emission spectra at different wavelengths. The simultaneous assays were conducted in 
microplate format with the fluorogenic probes monitored in the same well that uses microorganisms 
as enzyme source. Our results show that the fluorescent signal from each of the probes used here 
can be discriminated, allowing multiple enzyme activity detection and quantitation.
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Introduction

Methodologies associated with fluorescent phenomena 
have led to the development of spectrophotometric 
techniques associated with sensors targeting biological 
applications.1-7 The fact that these techniques are based on the 
monitoring of absorption/emission wavelengths enables the 
simultaneous monitoring of different phenomena occurring 
in the same system by detecting different wavelengths.8,9 
As such, multiplex assays10-12 are developed and applied 
to detect multiple transformations in a single experiment. 
They are often applied to high performance methodologies, 
where multiple analytes can be evaluated against a high 
number of samples.13 In the case of microplate assays, this 
allows the simultaneous and parallel monitoring of different 
biomolecules in a single system, paving the way for different 
and wider applications within the current biological context, 
such as the discovery of new biocatalysts of interest with the 
use of specific fluorogenic/chromogenic probes.4,14-17

The inclusion of biocatalytic steps in predominantly 

chemical processes is an excellent alternative to improve 
parameters such as reaction conversion and selectivity;15 or 
even more complex cases, when it is aimed at obtaining a 
biocatalyst able to catalyze different substrates (enzymatic 
promiscuity).18,19 To that end, genetic engineering 
techniques have been used to improve catalytic potential 
through directed evolution processes.20 These processes 
can lead to chemical and structural modifications of 
enzymes,21 resulting in mutants with high or no specificity, 
making it possible to obtain biocatalysts ranging from the 
most enantioselective to the most promiscuous.22 This 
versatility contributes to their biotechnological application 
in industrial settings, where molecular engineering 
techniques, coupled with green chemistry processes, allow 
the production of high value-added inputs.23,24

As such, demand for these new biocatalysts requires 
rapid and sensitive methodologies to evaluate enzymatic 
activities,2,5,16,25 conversion, enantioselectivity (E)9,14,26 
and enantiomeric excess (ee).3 Thus, spectrophotometric 
methods that use chromogenic 27 or fluorogenic7,16,25 
substrates as sensors are ideal for monitoring enzymatic 
activities. These methodologies are sensitive and require 
low concentrations of the substrate and biocatalyst, and 
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are performed in miniaturized experiments (μL-scale) 
evaluating a large number of samples per unit of time.4,14 
Since these tests monitor absorption (for chromophores) or 
emission (for fluorophores), more than one substrate can 
be evaluated at a time,9,28,29 provided that one wavelength 
does not overlap the other. Thus, the development of 
simultaneous monitoring systems for enzymatic activities 
becomes quite promising, contributing not only to cost 
savings, but to optimizing test times.29,30

Similar strategies are widely applied in life science 
research and clinical diagnostics for multiplexed analyses 
of target biomarkers.31-33 Multiplex immunoassays enable 
simultaneous analyses of different targets, requiring 
less sample and reagent than traditional enzyme-linked 
immunosorbent assays (ELISA), thereby simplifying and 
improving assay dynamics. This technology is applied to 
detect and quantify proteins, in addition to investigating 
cellular events and different diseases, such as cancer, ocular 
disorders and Kaposi’s sarcoma-associated herpesvirus.33-37

In this regard, the present study proposes a methodology 
capable of simultaneously detect two enzymatic activities 
(epoxide-hydrolase and esterase or epoxide-hydrolase and 
lipase) in the same microorganism, with a miniaturized 
process involving two fluorogenic substrates (probes) 
that differ in the functional group, and fluorophores, both 
producing vicinal diols as products and releasing the 
fluorophore by sharing the same chemical cascade. This 
methodology was denominated multienzymatic screening.

Experimental

General methods

All chemical reactions were conducted under an N2 
atmosphere using reagent grade solvents. All the reagents 
were purchased from Sigma-Aldrich Co., Germany, and used 
without further purification. Fluorogenic probes 4a and 4c 
were previously synthesized by our research group, according 
to Reymond’s methodology.14 Flash column chromatography 
was performed using normal phase silica gel. The spots on 
analytical thin-layer chromatography (TLC) plates were 
visualized under ultraviolet light or visible light (it is not 
necessary to use chemical solutions because the resorufin 
derivatives are colored). 1H nuclear magnetic resonance 
(NMR) spectra were recorded on Bruker spectrometers 
(400 or 500 MHz). Chemical shifts (d) are reported in 
parts per million (ppm) relative to the internal standard 
tetramethylsilane (Si(CH3)4 = 0.00 ppm) or residual solvent 
peaks (CDCl3 or dimethyl sulfoxide (DMSO)). 1H NMR 
coupling constants (J) are reported in hertz (Hz), and 
multiplicity is indicated as follows: s (singlet), d (doublet), 

t (triplet), q (quartet), m (multiplet), s (singlet), dd (doublet 
of doublet), dq (doublet of quartet). 13C NMR spectra were 
recorded at 100 or 125 MHz, and all chemical shift values 
are reported in ppm on the d scale, with an internal reference 
of CDCl3 or DMSO. Fluorescence spectra and the enzymatic 
assays were recorded with a 2300 EnSpire Multimodal 
Reader (PerkinElmer). All microorganisms were obtained 
from CCT (Tropical Cultures Collection, André Tosello 
Foundation, Campinas, Brazil) or ATCC (American Type 
Culture Collection, Manassas, USA). All culture media used 
in this study were purchased from Oxoid (Brazil).

Enzymatic assays

All assays were performed in quadruplicate in 96-well 
microtitre plates (with 200 μL in each well) and incubated at 
28 °C and 180 rpm for 24 h. The assays (enzymatic assays, 
negative controls and positive controls) were monitored 
simultaneously, according to umbeliferone (λex = 370 nm 
and λem = 470 nm) and resorufin (λex = 570 nm and 
λem = 590 nm) wavelengths.

Screening of microorganisms used in the assays

Enzymatic assay
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (bovine serum albumin, 80 μL, 5.0 g L−1 
in borate buffer, pH 7.8), fluorescent probe 3, 4a or 4b 
(10 μL, 1 mmol L−1 in DMSO) and cell suspension (100 μL; 
0.2 g L−1 for bacteria and yeast; 1.0 g L−1 for fungi) in borate 
buffer, pH 7.8.

Negative control
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (80 μL, 5.0 g L−1 in borate buffer, pH 7.8), 
fluorescent probe 3, 4a or 4b (10 μL, 1 mmol L−1 in DMSO) 
and borate buffer pH 7.8 (100 μL).

Positive control
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (80 μL, 5.0 g L−1 in borate buffer, pH 7.8), 
5 or diol 6 (10 μL, 1 mmol L−1 in DMSO) and cell 
suspension (100 μL; 0.2 g L−1 for bacteria and yeast; 
1.0 g L−1 for fungi) in borate buffer, pH 7.8.

Multienzymatic assay

After being screened with each probe (3, 4a and 4b), 
the microorganisms were evaluated in multi-enzymatic 
assays involving two fluorogenic probes simultaneously. 
The assays were incubated at 28 °C with orbital shaking 
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in a 2300 EnSpireTM Multimodal Reader (PerkinElmer) 
for 10 h and monitored every 15 min in the umbelliferone 
(λex = 370 nm and λem = 470 nm) and resorufin (λex = 570 nm 
and λem = 590 nm) wavelengths, simultaneously. The 
2300 EnSpireTM Multimodal Reader (PerkinElmer) 
enables simultaneous monitoring of two different emission 
wavelengths in the same well.

Enzymatic assay
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (70 μL, 5.7 g L−1, in borate buffer, pH 7.8), 
fluorescent probe 3 and 4a or 4b (10 μL, 0.5 mmol L−1 in 
DMSO) and cell suspension (100 μL; 0.2 g L−1 for bacteria 
and yeast; 1.0 g L−1 for fungi) in borate buffer, pH 7.8.

Negative control
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (70 μL, 5.7 g L−1 in borate buffer, pH 7.8), 
fluorescent probe 3 and 4a or 4b (10 μL, 0.5 mmol L−1 in 
DMSO) and borate buffer pH 7.8 (100 μL).

Positive control
Each well was added with NaIO4 (10 μL, 20 mmol L−1 

in water), BSA (70 μL, 5.7 g L−1 in borate buffer, pH 7.8), 
5 and 6 diol (10 μL, 0.5 mmol L−1 in DMSO) and cell 
suspension (100 μL; 0.2 g L−1 for bacteria and yeast; 
1.0 g L−1 for fungi) in borate buffer, pH 7.8.

Chemical synthesis

7-(But-3-en-1-yloxy)-3H-phenoxazin-3-one (7)1

K2CO3 (0.126 g, 0.9 mmol, 2.0 equiv.) and resorufin sodium 
salt (0.96 g, 0.4 mmol, 1.0 equiv.) were added to a solution 
of 3-butene-1-(p-toluenesulfonate) (0.100 g, 0.44 mmol, 
1.0 equiv.) in anhydrous DMF (dimethylformamide, 7.0 mL). 
The mixture reaction was refluxed at 110 °C for 1 h under N2. 
After cooling, the mixture was diluted with CH2Cl2 (50 mL) 
and washed with water (35 mL × 2) and brine (35 mL × 4), 
respectively. The organic layer was separated, dried over 
MgSO4 and the solvent was removed under reduced 
pressure, resulting in the pure product (orange solid product) 
(0.119 g, 90.1%). 1H NMR (400 MHz, CDCl3) d 7.81 (1H, 
d, J 8.0 Hz), 7.54 (1H, d, J 10.0 Hz), 7.06 (1H, dd, J 2.4 
and 8.8 Hz), 6.95 (1H, dd, J 2.0 and 10.0 Hz), 6.92 (1H, d, 
J 2.5 Hz), 6.43 (1H, d, J 2.0 Hz), 6.05 (1H, m), 5.35 (1H, dq, 
J 1.6, 2.8 and 17.2 Hz), 5.29 (1H, dq, J 1.6, 2.8 and 8.8 Hz), 
4.25 (2H, t, J 6.8 Hz), 2.75 (2H, m); 13C NMR (100 MHz, 
CDCl3) d 186.5, 163.2, 150.0, 145.8, 145.6, 134.9, 134.3, 
133.7, 131.7, 128.5, 117.9, 114.2, 106.9, 100.7, 68.4, 33.4. 
Electron impact-mass spectrometry (EI-MS, m/z) was 
calculated for C16H13NO3, 267.09; found, 267.30.

7-(2-(Oxiran-2-yl)ethoxy)-3H-phenoxazin-3-one (3)1

A solution of 7 (0.150 g, 0.6 mmol, 1 equiv.) in 
anhydrous CH2Cl2 (6 mL) was treated at 0 °C with 77% 
m-CPBA (0.250 g, 1.12 mmol, 2 equiv.). After 16 h at 
0 °C, the solution was washed with 10% aqueous Na2SO3 
(10 mL × 3), 5% aqueous NaOH (10 mL × 3) and water 
(10 mL × 2), respectively. The organic layer was evaporated 
and the solid was purified by flash chromatography 
(CH2Cl2:acetone 1:19) to give 3 (0.708 g, 53%) as an orange 
solid. 1H NMR (500 MHz, DMSO) d 7.77 (1H, d, J 9.0 Hz), 
7.53 (1H, d, J 10.0 Hz), 7.14 (1H, d, J 2.5 Hz), 7.07 (1H, 
dd, J 2.5 and 9.0 Hz), 6.79 (1H, dd, J 2.0 and 9.5 Hz), 6.26 
(1H, d, J 2.0 Hz), 4.26 (2H, t, J 6.5 Hz), 3.09 (1H, m), 2.74 
(1H, t, J 4.5 Hz), 2.56 (H, dd, J 3.0 and 5.5 Hz), 2.03 (1H, 
m), 1.92 (1H, m); 13C NMR (125 MHz, DMSO) d 185.8, 
163.0, 150.2, 145.8, 145.7, 135.4, 134.2, 131.8, 128.4, 
114.6, 106.1, 101.3, 66.5, 49.5, 46.6, 32.0. EI-MS (m/z) 
calculated for C16H13NO4, 283.08; found, 283.30.

Results and Discussion

Multienzymatic screening assays consist of the 
simultaneous monitoring of two or more enzymatic activities 
in the same microorganism. These assays are recommended 
to rapidly assess the activity of a large number of samples, 
since more than one enzyme activity can be detected in a 
single assay. In this respect, fluorogenic probes derived from 
resorufin (1) and umbelliferone (2) (Figure 1) were used 
in a multicomponent assay that allowed the simultaneous 
detection of epoxide hydrolases (resorufin-based probe 3)37 
and esterases (umbelliferone-based probes 4a and 4b) 
(Scheme 1).3,14 Signal independence for each target 
enzyme was achieved because the fluorophores employed, 
resorufin (λex = 570 nm, λem = 590 nm) and umbelliferone 
(λex = 370 nm, λem = 470 nm), have different excitation 
and emission wavelengths, thereby avoiding interference 
with the simultaneous detection of the fluorescence signal 
corresponding to each enzyme activity (Figure 1).

The multicomponent assays to detect epoxide 
hydrolases and esterases were performed simultaneously 
in a single microplate well. In addition, the enzymatic 
hydrolysis products of probes 3, 4a and 4b are analogous 
(vicinal diols) and therefore participate in the same 
chemical cascade, triggered by specific enzymes. This 
chemo-enzymatic cascade model has been widely applied 
by our research group and was initially published by 
Reymond and co-workers in their research works.14,38 The 
cascade involves oxidative cleavage of the diols (caused 
by the action of NaIO4) followed by in situ β-elimination 
(triggered by BSA) and release of the fluorophores. 
This makes it possible to simultaneously detect the 
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two enzymatic activities in the same microplate well 
(Scheme 1).

Microorganism screening with fluorogenic probes

Implementation of the multienzymatic screening 
methodology with microorganisms adhered to the following 
protocol: first, the experiments were performed with each of 

the selected strains: 13 bacteria (Acinetobacter baumanni, 
CCT: 1432; Agrobacterium tumefaciens, CCT: 6515; 
Bacillus cereus ,  CCT: 4060; Proteus mirabilis , 
C C T :  1 4 7 3 ;  P s e u d o m o n a s  a e r u g i n o s a , 
CCT: 1987; Pseudomonas oleovorans, CCT:1969; 
Serratia liquefaciens, CCT: 1479; Yersinia intermedia, 
CCT: 1600; Xanthomonas maltophilia, CCT: 1897; 
Corynebacterium xerosis, ATCC: 373; Serratia plymuthica, 
CCT: 2023; Micrococcus luteus, CCT:2720 and 
Bacillus subtilis, CCT: 89), 5 yeasts (Pichia stipites, 
CCT: 2617; Pachysolen tannophilus, CCT: 1891; 
Rhodotorula glutinis, CCT: 2182; Saccharomyces cerevisiae, 
CCT: 771 and Kluyveromyces marxianus, CCT: 2393) 
and 8 fungi (Geotrichum candidum, CCT: 1205; 
Rhizopus oryzae, CCT: 4964; Curvularia lunata, 
CCT: 5628; Curvularia eragrostidis, CCT: 5634; 
Emericella nidulans, CCT: 3119; Aspergillus fumigatus, 
CCT:1277; Mortierella isabelina, CCT: 3498 and 
Beauveria bassiana, CCT: 4448) from André Tosello 
Foundation Tropical Cultures Collection (CCT), available 
at LaBioChem (Institute of Chemistry, UNICAMP). The 
strains were evaluated (3, 4a and 4b) individually (Table 1) 
to determine which ones showed activity for probes with 
different fluorophores (3 and 4a or 3 and 4b) (Scheme 1).

The assays were performed in 96-well microplates, with 
quadruplicates of the assays and duplicates of the negative 
and positive controls, and monitored for 24 h. The results 
were expressed as conversion in percentage (Table 1), 
where the fluorescent signal shows how much of the 

Scheme 1. Simultaneous chemo-enzymatic cascade reactions with fluorogenic probes 3 and 4.

Figure 1. Resorufin (1) and umbelliferone (2) emission and excitation 
spectra in borate buffer pH 7.8.
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substrate (probe) was converted into its respective product 
via chemo-enzymatic reaction (Scheme 1). Conversion 
percentages of the enzymatic reactions were calculated 
according to the equation 1:

 (1)

where RFU of assays is the relative fluorescence unit 
corresponding to each well of the assayed microplate; RFU 
of negative controls represents the spontaneous hydrolysis 
of the probes used and RFU of positive controls represents 
a 100% conversion assay, i.e., the maximum fluorescence 
intensity. Based on the conversions observed after 24 h 
(Table 1), the bacterium Bacillus cereus (CCT: 4060), the 
yeast Rhodotorula glutinis (CCT: 2182) and the fungus 

Curvularia lunata (CCT: 5628) were selected to test the 
multi-enzymatic screening methodology.

Multienzymatic screening assays

The multienzimatic screening assays were carried 
out with Bacillus cereus (CCT: 4060), Rhodotorula 
glutinis (CCT: 2182) and Curvularia lunata (CCT: 5628) 
using probes 3 and 4a (resorufin and umbelliferone-
derived probes, respectively). The same assay monitored 
both hydrolytic activities over the same time interval 
(see Scheme 1 and Figure 2). The same procedure 
was adopted for the simultaneous monitoring assay of  
probes 3 and 4b.

Since resorufin is also detected in the visible region 
(Figure 1), in addition to fluorescence, a change is observed 
in the assay color when compared to the negative control 

Table 1. Conversions of the enzymatic reactions with each probe after 24 h

Microorganism CCTa
Conversion after 24 h / %

Probe 3 Probe 4a Probe 4b

Bacterium

Acinetobacter baumanni 1432 8.7 9.9 12.4

Agrobacterium tumefaciens 6515 2.0 2.6 21.5

Bacillus cereus 4060 8.7 18.7 51.9

Bacillus subtilis 89 1.3 1.1 35.6

Corynebacterium xerosis ATCCb 8.3 2.9 23.1

Micrococcus luteus 2720 0.6 0.2 0.1

Proteus mirabilis 1473 0.5 0.1 0.1

Pseudomonas aeruginosa 1987 1.0 7.5 13.2

Pseudomonas oleovorans 1969 7.1 10.0 12.9

Serratia liquefaciens 1476 1.9 28.1 6.9

Serratia plymuthica 2023 0.3 16.6 8.9

Yersinia intermedia 1600 0.4 0.1 0.3

Xanthomonas maltophilia 1897 1.3 0.1 1.8

Yeast

Kluyveromyces marxianus 2393 0.3 0.4 1.1

Pachysolen tannophilus 1891 0.1 0.2 0.2

Pichia stipitis 2617 0.8 4.5 24.4

Rhodotorula glutinis 2182 28.5 4.0 2.2

Saccharomyces cerevisiae 771 0.2 0.1 0.1

Fungus

Aspergillus fumigatus 1277 0.3 0.1 0.4

Beauveria bassiana 4448 0.1 0.23 0.2

Curvularia eragrostidis 5634 5.4 15.5 0.5

Curvularia lunata 5628 12.5 4.2 4.3

Emericella nidulans 3119 0.2 22.8 2.5

Geotrichum candidum 1205 1.6 24.8 1.0

Mortierella isabelina 3498 7.8 9.7 5.9

aCCT: Coleção de Culturas Tropicais, André Tosello Foundation; bATCC: American Type Culture Collection.
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(Figure 3), indicating the liberation of resorufin (caused by 
chemo-enzymatic cascade) and, consequently, revealing the 
presence of the enzymatic activity investigated. Given that 
umbelliferone is excited at around 370 nm and therefore 
emits at about 470 nm (blue), it cannot be observed 
under visible light, requiring a 354 nm UV light lamp for 
visualization, as shown in Figure 3.

This assay reveals that the reaction is in progress by 
changing the color of the reaction medium. When the 
chemo-enzymatic cascade is in progress, the resorufin 
(purple color) and the substrate (3) mix-up producing 
the color depicted in the Figure 3. Therefore, this color 

change can be taken as a visual qualitative evidence of the 
enzymatic reaction.

After monitoring, it was possible to simultaneously 
detect both enzymatic activities in the well, expressed by 
the same microorganism using fluorogenic probes 3 and 4a 
or 3 and 4b, which confirmed the efficiency of the proposed 
methodology.

Conclusions

The proposed methodology is highly efficient, allowing 
the simultaneous monitoring of two hydrolytic activities in 

Figure 2. Graphs of the simultaneous detections of probes 3 and 4a (left) and probes 3 and 4b (right) in the assays performed with (a) Bacillus cereus 
(CCT-4060); (b) Rhodotorula glutinis (CCT-2182) and (c) Curvularia lunata (CCT-5628) microorganisms.
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the same experiment. Although the enzymatic-enzymatic 
cascade model is already known in the literature, the 
simultaneous detection of this fluorogenic probe model 
has never been employed. The results were quantitative 
(Figure 2) and qualitative (Figure 3), with the aid of visible 
and UV light at 354 nm. The methodology is a promising 
new tool in the screening of a large number of biological 
samples, such as collections of mutants and clones.

Supplementary Information

Supplementary information (NMR and EI-MS spectra) 
is available free of charge at http://jbcs.sbq.org.br as a 
PDF file.
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