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A novel fluorescent probe, based on the excited-state intramolecular
proton transfer (ESIPT) phenomenon, for evaluation of 3-glucosidase
activity was designed. The synthesis of the probe was optimized. The
conditions for the monitoring of enzymatic cleavage of the probe
were developed and discussed from the point of view of reaction
kinetics and simplicity of the method.

Enzymes represent a group of organic macromolecules acting as
catalysts for the vital processes occurring in cells." In healthy
organisms, concentration and activity of enzymes are main-
tained within strictly defined ranges. Inappropriate activity and
changes in structure of some enzymes most often indicate
serious dysfunction of a cell or whole organism including
genetic disorders in humans like glucose-6-phosphate dehy-
drogenase (G6PD) deficiency,> Tay-Sachs® and Gaucher*
diseases. In the view of indisputable importance of enzymes for
living organisms, investigations aimed at developing the new
methods of measuring enzymes activity are of high cognitive
importance and applicative value.

B-Glucosidases are a group of glycosyl hydrolases which
catalyze cleavage of B-glucosidic bonds in disaccharides and
other glucose-containing molecules. These enzymes are abun-
dant in microorganisms,>” plants,*'® mammals and
humans,*>*> where they play important roles in a wide sort of
biological processes. Since action of B-glucosidases leads to
release of biologically active molecules from respective glyco-
sides, B-glucosidases have been investigated and employed in
different fields of science, medicine and technology. For
example, monitoring of the B-glucosidase activity in humans is
used in diagnosis of Gaucher disease, which is a genetic
disorder characterized by the deficiency of acid B-
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glucosidase.***** From the point of view of perspective usage in
medicine, the soybean extracts containing isoflavone glucosides
cultured with B-glucosidase-producing G. lucidum mycelia
exhibit promising features. Isoflavone aglycon which is
produced in the result of enzymatic cleavage and is present in
these extracts inhibits angiogenesis caused by colon carcinoma
cells in mices.'® In botanical studies, an increase of B-glucosi-
dase activity was proved to induce the defense mechanism
against F. oxysporum f. sp. lupine and inhibition of pathogen
spread.” In the environmental studies, it was demonstrated
that the highest B-glucosidase activity is associated with the
phytoplankton bloom breakdown in the eutrophic lake during
the spring algal bloom." From a biotechnological point of view,
it is extremely important to control B-glucosidase activity during
the production of second and third generation of biofuels from
the renewable lignocellulosic biomass sugars.' In agriculture, it
was reported that evaluation of the B-glucosidase activity in soil
can be used as an indicator of its quality.>***

B-Glucosides of various derivatives of phenol (nitro-
phenols,* 7-hydroxycoumarin,” fluorescein,* etc.) are used for
estimation of activity of B-glucosidases. Among them, those
which can be detected by fluorescence seem to be the most
sensitive reagents due to lower detection limits of fluorescent
spectroscopy as compared to other spectroscopic methods.>
One of the most popular substrate widely used for estimation of
activity of various p-glucosidases seems to be 4-methyl-
umbelliferyl B-p-glucopyranoside (MUG).”*"*#2* Interaction of
MUG with B-glucosidase produces 4-methylumbelliferone
(7-hydroxy-4-methylcoumarin), whose anionic form exhibits
blue fluorescence at 448 nm.* Specific enzymatic activity of
a tested sample corresponds thus to fluorescence intensity,
measured after a certain period of time. As a fluorophore MUG
has, however, two drawbacks. Firstly, its blue fluorescence
overlaps with the background of biological samples, which
requires isolation and purification of enzymes prior estimation
of their activity, and complicates the analysis of B-glucosidases
of low-activity. Secondly, pK, value of the protolytic equilibrium
between neutral and anionic species of 4-methylumbelliferone

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Suggested mechanism of interaction of probe 1 with B-
glucosidase and ESIPT in 2.

is near 7.3,” which indicates that only half of the amount of dye
exists in the anionic form at the physiological pH and thus can
be utilized in analyses. Fluorescein derivatives, such as di-p-p-
glucopyranoside (FDG) also utilized for the purposes dis-
cussed,” in the course of the enzymatic cleavage are trans-
formed to fluorescein, whose anionic species are highly
fluorescent, but susceptible to self-reabsorption and other
nonradiative deactivation effects under increase of concentra-
tion.” For these reasons, the fluorescence intensity of such dyes
shows nonlinear dependence on concentration at above ca.
10> M which complicates use of these probes for accurate
measurements at higher concentrations.

In an attempt to overcome these problems we have focused
our attention on fluorophores in which the excited state intra-
molecular proton transfer (ESIPT) can occur - particularly the
group of flavonols (3-hydroxy-2-phenylchromen-4H-ones). The
fluorescence, characterizing such compounds, is distinguished
by a substantial red-shifted emission with abnormally high
Stokes shift and low susceptibility to self-reabsorption effect,***”
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which enables linear dependence of fluorescence intensity on
concentration in a wider range than in the case of common
fluorophores like 4-methylumbelliferone and fluorescein. Due
to the latter features, use of flavonols and ESIPT fluorophores in
general allows to avoid some problems connected with the
concentration restrictions and scattering of light in solutions of
biological samples with increased turbidity, which provides
more possibilities for biological and medical analyses. The
attractive spectral features of various derivatives of flavonol
mentioned above have been already successfully utilized for
investigations of the properties of biological macromole-
cules,?”*® as well as in the role of enzyme sensors.” Among the
ESIPT fluorophores flavonols represent a group of compounds,
which are abundant in plants and make an essential part of
human diet.** Most often flavonols are found in nature and
absorbed into digestive system as glucosides,** which inspired
us to create and testify a fluorescent enzyme sensor utilizing
ESIPT phenomenon on the basis of flavonol glucoside.

The key idea, realized in this work, is introduction of
a substituted flavonol B-glucoside (1) to interaction with pB-
glucosidase (Scheme 1). Cleavage of the B-glucosidic bond in 1
leads to flavonol derivative (2), whose electronically excited
species N* undergo ESIPT to produce tautomeric form denoted
as T*. The course of enzymatic cleavage can be thus monitored
by the rise of red-shifted fluorescence of T*, centered around
530 nm. Spectral features of 4’-fluoroflavonol (2) are very similar
to those of flavonol.*” Besides, susceptibility of fluorine in
flavone derivatives to substitution by nucleophiles® seems to be
useful from the point of view of synthesis of other derivatives of
flavonol glucosides. For these reasons, 1 was selected for the
preliminary investigations aimed to find sensitive ESIPT fluo-
rescent probe on B-glucosidase due to relevant fluorescence
properties of 2 and possibility of further chemical modifications
of 1.

Two approaches were applied to synthesise 4’-fluoroflavonol
B-p-glucopyranoside (1). Both of them utilized the procedure
described for glycosylation of other flavonoids.** Glycosylation
of 2 was carried out using 2,3,4,6-tetra-O-acetyl-o-p-glucosyl
bromide (4) in a two-phase system CHCIl3/H,O for 70 h in the

3 1

Scheme 2 Synthesis of 1. Conditions: A — K;COsz, BusN*Br~ in CHClz/H,O (1/1), 70 h, RT; B - MeONa in MeOH, 1 h, RT; C - K,COs3 in MeOH, 10

h, RT.
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Fig. 1 (A) Fluorescence spectra of the separated DCM layers of
aliquots withdrawn from reaction mixture Set 1 in various time inter-
vals; (B) changes in fluorescence spectra of the reaction mixture in the
presence of BSA in time, Set 2; excitation wavelength 350 nm. Insets:
plots of relative intensity of the T* fluorescence (T onax” ) versus time.

presence of K,CO; and tetrabutylammonium bromide as
a phase-transfer catalyst (Scheme 2). In this way 4'-fluoro-
flavonol 2,3,4,6-tetra-O-acetyl-B-p-glucopyranoside (3) was ob-
tained in 60% yield after column chromatography. Next, 3 was
deprotected using sodium methanolate (RT, 1 h) to give 1 in
63% yield. The above described procedure was optimized in
such a way, that the product 3 was subjected to deacylation step
with K,COj; in methanol at RT for 10 h without purification to
afford the target compound 1 in a satisfactory overall yield of
39% (Scheme 2).

The reactivity of the probe 1 in terms of the enzymatic
cleavage was assessed using commercially available B-glucosi-
dase from almonds (Sigma-Aldrich). For adequate interpreta-
tion of the experimental findings, kinetics of reaction was
investigated. Initially, mixture of 1 (5 x 10> M) and B-gluco-
sidase (5 x 10> units per 1) in phosphate buffer saline (PBS, pH
= 7.4) was incubated at 37 °C and fluorescence spectra were
measured in specified time intervals. However, the changes
observed in fluorescence spectra were of unsatisfactory magni-
tude (spectra not shown), due to low quantum yield of fluores-
cence of 2 (1.9% in PBS, pH = 7.4, excitation wavelength (i)
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350 nm). Low intensity of fluorescence in water and other protic
solvents is a common feature of ESIPT fluorophores. In the
group of flavonols this phenomenon is assumed to be caused by
disruption of the intramolecular hydrogen bond due to inter-
action with solvent molecules.*® To overcome the above
mentioned problem, we have proposed two solutions. From one
perspective, to increase resolution of the fluorescence signal
expressed by 2, one should change its environment from protic
to aprotic, where its quantum yield of fluorescence (¢g) is
substantially higher. Guided by these considerations, in first
experiment (Set 1) aliquots were withdrawn from the reaction
mixture (composed as described above) in various time intervals,
immediately extracted with double volume of dichloromethane
(DCM) and cooled to 25 °C. Fluorescence spectra of the DCM
extracts of aliquots withdrawn at various time intervals are pre-
sented in Fig. 1A. According to that, fluorescence of the T*
species of 2, centered at 524 nm, increases gradually, indicating
progressing enzymatic cleavage of 1. ¢g of 2 in DCM is 10.0%
(Table 1), which enables satisfactory sensitivity of this approach
even at the initial stages of reaction. On the basis of dependence
of the T* fluorescence intensity on the reaction time (Fig. 1A
inset), one can conclude that under the conditions applied, the
enzymatic cleavage is practically completed during 10 hours.

On the other hand, concentration of water in the local
environment of fluorophore can be decreased by its incorpo-
ration into macromolecules containing hydrophilic fragments.
From this point of view, relatively high affinity of flavonols to
serum albumins®**” seems to be beneficial. According to
previous investigations,*® interaction of flavonol with BSA
(bovine serum albumin) is accompanied by a substantial
increase in the fluorescence intensity of T*. For this reason, we
conducted second experiment (Set 2) in the presence of 5 x
10> M BSA with all other conditions kept identical as for Set 1.
The concentration used corresponds to minimal amount of BSA
needed to completely bind the flavonol derivative.*® The value of
¢q of 2 under the latter conditions is practically the same as in
DCM environment (Set 1, Table 1) and the course of enzymatic
cleavage can also be monitored in a few minutes after start of
reaction (Fig. 1B). Similarly to Set 1, more than 90% of the
amount of 1 was transformed to 2 in 10 hours (Fig. 1B inset).
Besides T* fluorescence rising at 534 nm with progress of
enzymatic cleavage, weak blue fluorescence in the range 380-
460 nm can be monitored under the conditions of Set 2. The
latter emission presumably originates from BSA and 1 at the
beginning and N* form®® of 2 (Scheme 1) at the end of the
enzymatic cleavage process.

Table 1 Spectral and kinetic parameters of the reaction sets®

Ccrsa (M) Aa(m) g (%) k(hY T2
Set1 0 524 10.0 0.219 £ 0.001 3 h 10 min
Set2 5.0 x10°° 534 10.7 0.224 £ 0.002 3 h 20 min

“ cpsa — concentration of BSA; Aq — wavelength of the T* fluorescence
maxima of 2; ¢q — quantum yield of fluorescence, measured relative to
quinine bisulfate in 0.05 M H,SO,; k - rate constant of enzymatic
cleavage; 14/, — time of half-reaction.

This journal is © The Royal Society of Chemistry 2016
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To find out if presence of BSA influences rate of the enzy-
matic cleavage of 1, kinetic parameters were evaluated and
compared for both sets. Based on the assumption that intensity
of the T* fluorescence corresponds to the concentration of 2,
the first-order rate constants, characterizing both sets of the
enzymatic reaction were calculated according to the equation:

i
Co — ¥
0 T

max

where ¢, is initial concentration of 1, in relative units (equals to
1); t; is the actual time after start of reaction; II.T* and I‘T]:ax are the
intensities of the T* fluorescence band maxima at ¢; and after 47
h, respectively; k is the rate constant of enzymatic cleavage. In
the latter equation, ratio I;r* /Igax corresponds to concentration

of 2 at time ¢; (in relative units) thus difference ¢y — I* /IT,
corresponds to concentration of 1 at time ¢;, in relative units.
The values of k were assessed by plotting the left side expression
of the above equation vs. time (Fig. 2).

As one can notice, the above mentioned relationships
demonstrate linear dependence (R* > 0.99), which indicates that
the enzymatic cleavage follows first-order kinetics and its rate
constant does not change in the course of transformation of 1 to
2. Consequently, neither 1 nor 2 inhibit or activate B-glucosi-
dase at the conditions applied and thus 1 can be considered as
a benign fluorescent probe. Besides, the plots presented in
Fig. 2 are very similar for both reaction sets and the obtained
values of k and half-reaction times (t4,, = In 2/k) are practically
the same within the range of experimental error (Table 1).
Therefore, it can be concluded that presence of BSA (at
concentration 5 x 107> M) does not influence the rate of
enzymatic cleavage of 1. In our opinion, this finding can
prospectively be of applicative interest as according to our
research the use of BSA instead of organic solvent as fluores-
cence enhancing agent for the pair flavonol B-glucoside 1 -
flavonol 2 allows to avoid extraction at measurement of enzy-
matic activity of B-glucosidase. Moreover, application of the Set
2 conditions allows to simplify sample preparation of the
glucosidase enzymes probes for medical purposes. For instance,

2.0 Set 1

A experimental data

linear fit curve
Set 2

® experimental data

linear fit curve
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Fig. 2 Plot of In il - | versus time for Sets 1 and 2.
I
Co — 17.,
Ig\ax
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one of the stages of isolation and purification of the human acid
B-glucosidase is separation from human serum albumin (HSA),
conducted on the modified affinity columns.'* The latter stage
thus seems to be unnecessary, if conditions of the Set 2 are
applied. We intend to verify this assumption in our further work
as well as apply other flavonol derivatives for the investigations
of enzymatic cleavage, aimed at development of even more
sensitive and rapid test-techniques.

Conclusions

In this work we presented an optimized and simple approach
for synthesis of a fluorescence probe from the group of flavo-
nols, which is sensitive to the presence of B-glucosidase
enzymes. Due to the ESIPT phenomenon, progress of the
enzymatic cleavage of the probe can be monitored by the
increasing red-shifted fluorescence near 530 nm. Enzymatic
cleavage of the probe can be conveniently monitored at physi-
ological conditions, if serum albumin (BSA) is used as specific
fluorescence enhancer.
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