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We report on a naphthalimide ratiometric fluorescent probe for the
real-time sensing and imaging of pathogenic bacterial glucosyl-
transferases, which are associated with the development of dental
caries. Using a high-throughput screening method, we identified
that several natural polyphenols from green tea were GTFs inhibitors
that could eventually lead to suitable oral treatments to prevent the
development of dental caries.

Dental caries are the most common oral disease and are
believed to be induced by pathogenic bacteria. Streptococcus
mutans (S. mutans) exists in the oral cavity and is well known as
the major bacteria of dental plaques resulting in the formation
of dental caries." The formation process of dental caries has
been investigated fully, and the glucosyltransferases (GTFs)
have been determined to be the significant virulence factors,
by the synthesis of extracellular glucan polymers.”> Several
functions of glucan polymers have been implicated in the
formation of dental caries, including promoting the adhesion
of pathogenic bacteria to teeth and the formation of biofilms,
which protects the pathogenic bacteria against antibacterial
agents and facilitates the proliferation of bacteria in dental
plaques.® Therefore, glucan polymers are regarded as impor-
tant in the formation of dental plaque and dental caries. While
there are various pathogenic bacteria, including S. mutans
widely occurring in the oral cavity, the cariogenicity of these
bacteria is closely related to the expression levels of GTFs.*
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Therefore, the real time detection and assay of GTFs could be
an efficient approach for the prevention, diagnosis and treat-
ment of dental caries." Moreover, the inhibiton of GTFs could
be applied to effectively prevent dental plaque formation and to
kill pathogenic bacteria that infect teeth.

Fluorescence systems have been extensively designed for
the sensing of endogenous bioactive enzymes.” In particular
systems based on the ratio of fluorescence intensities at two
wavelengths (ratiometric fluorescent probes) have been widely
applied to assay biological enzymes activity, as well as the
sensitive detection and imaging of endogenous enzymes due
to the calibrating free determination facilitated by these ratio-
metric probes.® Naphthalimide is an excellent ratiometric
fluorescence skeleton that has previously been developed to
image various biological enzymes,” several of which were
designed to detect glucosyltransferases in fungal, animal, and
plant samples.® However, there is no efficient detection method
for bacterial glucosyltransferases relating to the treatment of
oral caries and for the high-throughput screening of inhibitors.

In the current work, a naphthalimide derivate was designed
for the sensitive and selective real-time detection and imaging of
bacterial glucosyltransferases. Furthermore, a high-throughput
screening method has been established suitable for evaluating
new GTFs inhibitors, suitable for the effective prevention, and
treatment of dental caries.

As shown in Fig. 1, with uridine-diphosphate glucose (UDPG)
as the glucosyl donor, N-phenethyl-4-hydroxy-1,8-naphthalimide
(PENA) could accept the glucosyl group with the formation of
4-0-B-p-glucopyranosyl-N-phenethyl-1,8-naphthalimide (PENA-G)
mediated by GTFs. Both PENA and PENA-G display a strong
fluorescence at 560 and 440 nm respectively (Fig. S1, ESIT).
Under UV light (365 nm), the yellow PENA solution and blue
PENA-G solution are observed respectively. The glucosylation of
PENA mediated by GTFs was confirmed by HPLC-DAD (Fig. S2,
ESIY), indicating the production of PENA-G with an excellent
conversion rate. In silico molecular docking analysis has been
performed with homeotic glucosyltransferase, which revealed
PENA as a suitable substrate of GTFs, and amino acid residues
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Fig.1 (a) Glucosylation of PENA by GTFs in the presence of UDPG
(300 uM). (b) In silico docking analysis for the interaction between PENA
and GTFs molecule.

ASN481, ASP477, and ARG475 of the GTFs as the key active sites
are consistent with those reported previously (Fig. 1b).°

The fluorescence response of PENA toward GTFs with dif-
ferent GTFs concentrations (0-32 pg mL ™) and incubation
time (0-80 min) were investigated, and a good linear relation-
ship was observed for the fluorescence ratio (I340/I560) and GTFs
concentration, incubation time respectively (Fig. S3 and S4,
ESIT). Therefore, the positive correlation between fluorescence
ratio and GTFs concentration could be used to determine the
GTFs activity. In addition, the pH of the phosphate buffer and
temperature of incubation were varied in order to optimize the
yield of PENA-G (Fig. S5-S7, ESI}).

We then set out to use this fluorescence method to detect
endogenous GTFs, and the suitability of various additives
(amino acids, metal ions, and biological enzymes) as inter-
ferences for the glucosylation of PENA. It was obvious that
common amino acids and metal ions could not influence the
fluorescence response of PENA toward GTFs (Fig. S8, ESIT).
Moreover, PENA was glucosylated selectively by GTFs in the
presence of several biological enzymes including several common
glycosidases (glucuronidases, UGT1A7, UGT1A10, UGT2B10, and
UGT2B11), hydrolases (CES1b, CESlc, CES2, and DPPS8), and
bioactive proteins BSA and HSA (Fig. S9a, ESIf). The enzyme
kinetics for the glucosylation of PENA were then investigated, and
displayed Michaelis-Menten enzymatic behavior with the Viax
10.01 pmol min~ " mg ™" and K, 8.7 uM (Fig. S9b, ESI7).

It has previously been reported that the levels of GTFs
expressed in various bacteria are closely related to the cario-
genicity of pathogenic bacteria. Thus, it is desirable to sense
and image endogenous GTFs in various microorganisms, which
could then be used as an efficient approach to analysis and
detect the cariogenicity of bacteria. In this work, PENA was
incubated with seven bacterial strains, including Streptococcus
mutans, Lactobacillus amylovorus,
Streptococcus pasteurianus strain 080205, Bacillus cereus
994000168 LBK, Escherichia coli DH5alpha BRL, Staphylococcus

Hemolytic streptococcus,
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Fig. 2 Fluorescence images of various bacteria in the presence of PENA
(50 uM). (a) Streptococcus mutans; (b) Hemolytic streptococcus; (c)
Lactobacillus amylovorus (d) Streptococcus pasteurianus strain 080205;
(e) Bacillus cereus 994000168 LBK. Fluorescence ratio (l415-465//535-585
nm), PENA-G Aey 405/2em 415-465 nm, PENA e 405/em 535-585 nm,
Scale bar 10 um.

aureus ssp. aureus DSM 3463, to obtain fluorescence images
(Fig. 2, Fig. S10 and S11, ESIT). From which it was obvious that
Streptococcus mutans expressed the highest level of GTFs (ratio =
0.99), indicating the greatest potential cariogenicity and high-
lighting the key role of Streptococcus mutans as the pathogenic
bacterium of dental caries. Moderate GTFs were observed for
Hemolytic streptococcus with a ratio value of approximately 0.31.
However, minimal GTFs were expressed in other bacteria. There-
fore, PENA was successfully applied to sense and image endo-
genous GTFs in bacteria.

Bacterial GTFs as key virulence factor for the formation of
dental caries, are suitable drug targets for the prevention,
diagnosis, and therapy of dental caries. Using the current
fluorescent probe PENA, a high-throughput screening method
for GTFs inhibitors was established. It is well known that there
are various toothpastes containing extracts of natural products,
such as green tea, to prevent the formation of dental caries.
Clearly indicating that green tea contains bioactive constituents
for the effective prevention of dental caries. In order to discover
new GTFs inhibitors, extracts from green tea were separated
into 18 fractions using prep-HPLC (Fig. 3a). The inhibitory
effects on GTFs for these fractions was then evaluated using a
fluorescence high throughput screening method with PENA,
and is shown in Fig. 3b. In particular, fraction 11 displayed 70%
inhibition against GTFs at 500 pg mL™". The major compounds
within these bioactive fractions were then isolated using chromato-
graphic techniques, and their structures were determined using
'H, ®C NMR and MS data (Fig. 3c). All of the compounds
isolated were polyphenols, and most of them could be classified
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HPLC-DAD chromatogram
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Fig. 3 Discovery of potential inhibitors for GFTs using the fluorescence
high throughput screening PENA system (a) HPLC-DAD chromatogram of
the extract of green tea and the separated fractions (1-18). (b) Inhibitory
assay on GTFs for fractions 1-18 (500 ug mL™); (c) the structures of
isolated potential GFTs inhibitors from bioactive fractions; (d) the inhibitory
effects of isolated compounds on GTFs (ICsq, uM).

as catechin derivatives except for compound 1,4,6-tri-O-galloyl--
p-glucose (TGG). The inhibitory effects of these isolated com-
pounds on GTFs were evaluated, and indicate that gallocatechin
gallate (GCG, ICs, 0.32 pM) and epigallocatechin gallate (EGCG,
ICs0 0.31 uM) could be used as potential inhibitors of GTFs.
For the inhibitors EGCG and GCG, the inhibitory kinetics
have been investigated to determine the inhibition types and K;
values (Fig. S21 and S22, ESIT). As shown in Fig. 4a and c, the
intersection points were located in the second quadrant in the
Dixon plot, which indicates competitive kinetics for both EGCG
and GCG. In silico docking analysis was performed to investi-
gate the preliminary inhibitory mechanism of polyphenols
EGCG and GCG toward GTFs. The molecular docking experi-
ments indicated that both EGCG and GCG could interact with
the active pocket of GTFs, which overlapped with that of PENA,
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Fig. 4 The inhibitory kinetics and in silico docking analysis of potential
GTFs inhibitors EGCG (a and b) and GCG (c and d).
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and several hydrogen bonds were formed between the phenolic
hydroxyls and the amino acid residues of GTFs, such as ASP909,
ASP593, ASP477, and TYR430. (Fig. 4b and d) So, the multiple
phenolic hydroxyls, especial gallic acyls played key roles for the
GTFs inhibition. The K; values were determined for EGCG and
GCG as 0.15 and 0.2 pM, respectively. Therefore, using the
present fluorescent probe PENA, a high throughput screening
system for the discovery of GTFs inhibitors has been estab-
lished. In addition, two potential GTFs inhibitors extracted
from green tea have been determined.

As mentioned above, the catechin polyphenol EGCG dis-
played potential inhibitory effects against GTFs with competi-
tive inhibition. The inhibitory effect on endogenous GTFs in
Streptococcus genus bacteria was evaluated using PENA-G as the
sensing product by confocal laser scanning microscopy (Fig. 5).
For the cultures of Streptococcus mutans and Hemolytic strepto-
coccus, EGCG (50 uM) and PENA (50 uM) were added with a
co-incubation of 1 h. Then, the ratiometric fluorescence images
were obtained respectively. The ratio values of Streptococcus
mutans (ratio = 0.46) and Hemolytic streptococcus (ratio = 0.04)
indicated a decreased yield of PENA-G and significant inhibi-
tory effect of EGCG. Thus, EGCG isolated from green tea not
only inhibited GTFs activity in vitro but also inhibited bacterial
GTFs efficiently, offering great potential as new agent for the
prevention of dental caries. The present inhibition experiment
also confirmed the selective characteristic of the sensing of
endogenous GTFs by the fluorescent probe PENA.

In summary, Streptococcus mutans together with over
expressed GTFs play a key role for the formation of dental
caries. An efficient method to sense the activity of GTFs as well
as potential inhibitors is urgently needed. In the present work,
a fluorescent naphthalimide derivate (PENA) was successfully
designed as a ratiometric fluorescent probe for sensing and
imaging endogenous GTFs in Streptococcus mutans. We demon-
strated that PENA could be used as a high-throughput screen-
ing system for the investigation of GTFs inhibitors. Several
bioactive compounds extracted from green tea were evaluated
and EGCG and GCG were identified as potential inhibitors of
GTFs. Their competitive inhibition kinetics, K; values and
inhibitory mechanisms were fully characterized. Our investiga-
tion provides a useful molecular tool for real-time sensing of
endogenous GTFs in living pathogenic bacteria, and our high

Bright PENA-G PENA Merged Ratio

S. mutans

Hemolytic S.

Fig. 5 Fluorescence images of Streptococcus mutans (ratio = 0.46) and
Hemolytic streptococcus (ratio = 0.04) in the presence of potential inhibitor
EGCG (50 pM). PENA-G /oy 405/iem 415-465 nm, PENA /oy 405/2em
535-585 nm, Scale bar 10 um.
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throughput screening approach has identified potential inhibitors
for GTFs that could eventually lead to suitable oral treatments to
prevent the development of dental caries.
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