
Subscriber access provided by Kaohsiung Medical University

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Identification and isolation of glucosytransferases (GT) expressed
fungi using a two-photon ratiometric fluorescent probe activated by GT

Lei Feng, Ping Li, Jie Hou, Yonglei Cui, Xiangge Tian, Zhenlong Yu,
Jing-Nan Cui, Chao Wang, Xiaokui Huo, Jing Ning, and Xiaochi Ma

Anal. Chem., Just Accepted Manuscript • DOI: 10.1021/acs.analchem.8b02857 • Publication Date (Web): 25 Oct 2018

Downloaded from http://pubs.acs.org on October 25, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Identification and isolation of glucosytransferases (GT) expressed 
fungi using a two-photon ratiometric fluorescent probe activated by 
GT
Lei Feng,†,‡,§,# Ping Li,†,# Jie Hou,†,# Yong-Lei Cui,† Xiang-Ge Tian,† Zhen-Long Yu,† Jing-Nan Cui,§ 
Chao Wang,†,§,* Xiao-Kui Huo,† Jing Ning,† and Xiao-Chi Ma†,*
†College of Pharmacy, Academy of Integrative Medicine, Department of Microbiology, Dalian Medical University, Dalian 
116044, P. R. China. Tel: +86-411-86110419; E-mail: wach_edu@sina.com (C. Wang); maxc1978@163.com (X.C. Ma)
‡ Institute of Functional Materials and Molecular Imaging, College of Emergency and Trauma, Hainan Medical University, 
Haikou, 571199, China
§ State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian 116024, P. R. China

ABSTRACT: As well known, fungi as an important biocatalysis model of glucosylation, were widely applied for bioactive 
compounds glucosylation mediated by the intracellular glucosytransferases (GTs). However, there is no efficient method for the 
real-time detection of GTs and the rapid isolation of the target fungi strains with the high expression of GTs. In the present work, 
we firstly developed a two-photon ratiometric fluorescent probe N-(n-butyl)-4-hydroxy-1,8-naphthalimide (NHN) for detecting the 
glucosyltransferases activity and intracellular imaging of GTs. Under the UV light (365 nm), the transformed product of NHN 
mediated by intracellular glucosyltransferase displayed blue emission to guide the rapid isolation of fungal strains possessing over-
expression of GTs from the complex soil samples. Finally, by using the fluorescent probe, two target fungi were isolated and 
identified to be Rhizopus oryzae and Mucor circinelloides by molecular analysis, and they exhibited a robust capability to regio- 
and stereospecific O-glycosylation. Our results fully demonstrated that NHN may be a promising tool for guiding real-time GTs 
activity in fungal strains, and even for developing natural fungal strains with GTs overexpression.

Glucosylation of molecules usually could enhance the water 
solubility and stability, facilitate the storage and accumulation 
in living cells, and even improve the chemical properties and 
bioactivities.1-5 As now, chemical synthesis and bioconversion 
using glucosyltransferases (GTs, EC 2.4.1) both were the 
preparation approaches of bioactive glucosides.6-11 GTs 
expressed in fungi, plant cells and even mammalian systems, 
could transfer an activated donor, uridine-diphosphate glucose 
(UDPG), onto target acceptor molecule.12,13 Recently, 
glucosylation by GTs of prokaryotic systems, has become an 
interesting alternative in chemical synthesis of glucosides due 
to its high regio-, and stereo-selectivities and mild reaction 
conditions. Among many biocatalytic approaches, microbial 
transformation mediated by GTs has been well known to 
effectively obtain more active compounds and to achieve 
selective conversions.14-17 However, some characterized fungi 
usually exhibited poor glucosylation capability. It is necessary 
to develop a novel approach to search for new fungi with high 
expressed GTs. 

By virtues of real-time spatial high resolution and sensitive 
imaging with low autofluorescence, ratiometric fluorescence 
imaging technique presents the potent application for 
quantitative detection in situ and specific imaging of target 
enzymes, even ions.18-26 1,8-naphthalimide structures have 
been commonly employed in enzymatic sensing experiments, 
depended on the electron-donating capability of the substituent 
at C-4 of the naphthalic ring, which also displayed the 

Scheme 1. Illustration of the NHN glucosylation mediated by GT.

photophysical property of two-photon absorptivity.27-33 
Therefore, according to these advantages of naphthalimide, we 
could readily realize the ratiometric detection of GTs via 
photophysical modulation through a glucose-induced change 
in C-4 substitution. 

In the present work, a two-photon ratiometric fluorescent 
probe has been developed for real-time detection of GT on the 
basis of the formation of specific aglycone from N-(n-butyl)-
4-hydroxy-1,8-naphthalimide (NHN), with the optical 
advantages including high photostablility, large Stoke shift 
and preferred fluorescence efficiency (Scheme 1). Furthermore, 
by using NHN for tracking fungal GTs, two potential wildtype 
fungi with the excellent capability of glucosylation were 
rapidly isolated from complex environmental samples, and 
then accurately identified by gene sequencing. Finally, their 
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glucosylation capabilities were further confirmed by various 
substrates and RT-PCR experiment.

EXPERIMENTAL SECTION
Materials and instruments. All the chemical reagents were 

purchased from Sigma Aldrich. Recombinant 
glucosyltransferase PlGT7 was gifted from Professor Jungui 
Dai of Institute of Materia Medica, Chinese Academy of 
Medical Sciences and Peking Union Medical College.1 
Recombinant Xylosyltransferase 1 (XYLT1), recombinant O-
Mannosyltransferase 1 (POMT1) were purchased from 
Immune Clone Co., Ltd. Human uridine-disphosphate 
glucuronosyl-transferases (UGT1A1, UGT1A4, UGT2B4, 
UGT2B7); human N-acetyltransferase (NAT1, NAT2); human 
Sulfotransferases: (SULT2A1, SULT1B1); human 
Carboxylesterase (CES1b, CES1c, CES2) were purchased 
from Corning Incorporated Life Sciences. Human catechol-O-
methyltransferase (DOMT) were gifted from Ling Yang 
professor of Lab of Pharmaceutical Resource Discovery, 
Dalian Institute of Chemical Physics, Graduate School of the 
Chinese Academy of Sciences. Leucine arylamidase from 
porcine kidney (LAP) was purchased from sigma-aldrich. 

NMR spectra were measured using Bruker-600, 500 with 
tetramethylsilane (TMS) as the internal standard (Bruker, 
USA). HR-MS data were obtained on an Agilent 1290 infinity 
6540 UHD accurate mass Q-TOF MS (Agilent, USA). 
Constant temperature incubator shaker (ZHWY-2012C) was 
the production of by Shanghai Zhicheng Analytical Instrument 
Co. Ltd (P. R. China). Fluorescence microscopic imaging was 
conducted with Olympus FV 1000 MPE/FV-1000 FLIM 
Confocal Microscope (Olympus, Japan). The bioassay 
solutions in 96-well plates were also analyzed using a BioTek 
Synergy H1 microplate reader (BioTek, USA). The 
dissociation constant (KD) between the fluorescent probe 
NHN and the enzyme GT was determined to on the basis of 
Microscale thermophoresis (MST) using the NanoTemper 
monolith NT.115 instrument (Nano Temper, Germany).

Synthesis of probe NHN. The fluorescent probe NHN was 
synthesized following the reported procedure as the synthetic 
route displayed in Scheme 2.27,31,34

NO O
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K2CO3

CH3OH

NO O

O

HI
NO O
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OO O
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BrN MN NHN

Scheme 2. The synthetic route of NHN.
Synthesis of compound BrN. 4-bromo-1,8-naphthalic 

anhydride (1 g, 3.62 mmol) and n-butylamine (0.291 g, 3.98 
mmol) were dissolved in ethanol (30 mL). The reaction 
mixture was stirred and refluxed for 8 h. After cooling to room 
temperature, the mixture was poured into ice water; the 
precipitate was washed with water and ethanol, and dried to 
yield 1.09 g of a yellowish-color solid (yield 90.9%)(Figure 
S1-S3). 

Synthesis of compound MN. A mixture of compound BrN 
(0.8 g, 2.42 mmol) and K2CO3 (2.54 g, 18.4 mmol) in 30 mL 
CH3OH was refluxed for 6 h. After cooling to room 
temperature, the precipitate was filtered, washed with water 

and dried to yield compound MN as a yellow-color solid 
(0.585 g, yield: 85.5%) (Figure S4-S6).

Synthesis of compound NHN. A mixture of compound MN 
(0.3 g, 1.06 mmol) and 10 mL concentrated HI (55−58%) was 
refluxed for 14 h. After cooling the mixture was poured into 
water; the precipitate was isolated, washed with water, and 
dried to yield 0.239 g of the yellow needles solid (yield 
83.8%). (Figure S7-S9).

Preparation of 4-O-β-D-glucopyranosyl-N-butyl-1,8-
naphthalimide (NGN) by the glucoylation of NHN. The 
isolated filamentous fungi R. oryzae was pre-incubated in 
potato medium to get enough fungi cells for the glucosylation 
experiment. After filtration, the fungi cells were suspended in 
the glucosylation medium. The glucosylation medium was 
sodium phosphate buffer: 13.62 g NaH2PO4, 2.36 g NaOH, 
and 20 g D-glucose in 1000 mL water. 1.5 g R. oryzae AS 
3.2380 fungus cells were pre-incubated in the glucosylation 
medium (200 mL), 30 ºC, 130 rpm for 12 h. Then, NHN 
substrates (30 mg) dissolved in acetone were injected into the 
medium with the continued incubation for 24 h. When the 
fungus cells were filtered, the incubation culture was subjected 
to a MCI column, which was eluted by 30% ethanol aqueous, 
50% ethanol aqueous, and 95% ethanol, successively. The 
NGN could be obtained in the 50% ethanol aqueous elution 
with the purity > 95%, the structure of which was determined 
on the basis of widely spectroscopic data (Figure S10-S14). 

Determination of the quantum yield (QY). The 
fluorescence quantum yields for compounds with Absolute PL 
Quantum Yield Spectrometer (HAMAMATSU C11347). The 
PL Quantum Yield (Φ) is expressed as the ratio of the number 
of photons emitted from molecules (PNem) to that absorbed by 
molecules (PNabs).
Φ=PNem/PNabs….…………………………………………..(1)

Glucosyltransferase activity analysis. The present 
fluorescence assay was performed with the presence of NHN 
using the purified glucosyltransferase PlGT7.5 The 
glucosyltransferase (30 μg/mL) was dissolved in 200 µL 
phosphate buffer (pH 7) together with NHN (10 μM) and 
uridine-diphosphate glucose (UDPG, 300 μM), which was 
incubated at 37 ºC for 30 min. NHN (10 μM) was obtained 
when the NHN stock solution (1 mM, DMSO) was added into 
the phosphate buffer with the DMSO volume < 1%, which 
could improve the solubility of NHN and keep the activity of 
GT. Then, 100 µL acetonitrile was added to stop the 
enzymatic reaction. The reaction solutions were measured the 
fluorescence spectra using BioTek Synergy H1 microplate 
reader (λex 398/λem 446 nm and λex 398/λem 556 nm). 

Fluorescence responses of NHN (10 μM) to the 
concentration of GT were performed upon addition of 
increasing concentration of GT (0 − 90 μg/mL) in phosphate 
buffer for 30 min. Meantime, fluorescence responses of NHN 
(10 μM) to the incubation time were studied upon the addition 
of GT (30 μg/mL) in phosphate buffer for incubation time 0 – 
80 min with acetonitrile (33%, v/v) to terminate the enzymatic 
reaction (λex 398/λem 446 nm, λex 398/λem 556 nm, gain value = 
80%, 37 °C). The relationship was analyzed on the basis of the 
fluorescence intensities ratio (I446/I556). 

The enzymatic selectivity experiments towards different 
enzymes (30 μg/mL) were preformed according to their 
enzymatic reaction conditions,35-38 including recombinant 
Xylosyltransferase 1 (XYLT1), recombinant O-
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Mannosyltransferase 1 (POMT1), Uridine-disphosphate 
glucuronosyl-transferases: UGT1A1, UGT1A4, UGT2B4, 
UGT2B7; N-acetyltransferase: NAT1, NAT2; 
Sulfotransferases: SULT2A1, SULT1B1; Catechol-O-
methyltransferase: DOMT, Carboxylesterase: CES1b, CES1c, 
CES2; and leucine arylamidase: LAP. The fluorescence 
intensities ratio (I446/I556) was studied on the basis of the 
fluorescence emission (λex 398/λem 446 nm, λex 398/λem 556 
nm). The influence of metal ions on the fluorescence emission 
of NHN and NGN and the activity of GT were measured with 
the presence of K+, Mg2+, Fe3+, Fe2+, Ba2+, Ca2+, Mn2+, Sn4+, 
Zn2+, Ni2+, Cu2+, SO4

2-, NO3
-, CO2- (each 2 mM).

In order to estimate the kinetic parameters of NHN for GT, 
the reaction kinetics were performed. Briefly, NHN (0−60 μM) 
was incubated with GT for 30 min which ensured less than 20% 
of substrate was metabolized, and the formation rates of NGN 
were in relation to incubation time and protein concentration 
in the linear range. The GT stock solution was prepared to be 
10 mM in DMSO, which was added into the GT enzymatic 
reaction system with DMSO < 1%. The apparent Km and Vmax 
values were calculated from nonlinear regression analysis of 
experimental data according to the Michaelis-Menten equation. 

The Vmax represents the maximum rate and Km is the 
substrate concentration at the half-maximal rate. Kinetic 
constants were obtained using Origin 7.5 (origin Lap Corp. 
Northampton. MA.USA) and produced as the mean ± SD of 
the parameter estimate.

Isolation of fungi with the guidance of NHN. The soil 
sample obtained from the farmland (Dalian, China) was used 
as the source for the fungi purification. The soil sample (10 g) 
was extracted by sterile water (50 mL). After the 
centrifugation of the solid residue, the clear supernatant water 
was well-distributed on the PDA medium (Potato Dextrose 
Agar medium) containing penicillin and streptomycin (50 
mg/L), which was used to inhibit the propagation of 
prokaryotes. The culture dishes were stored at 30 ºC for 48 h. 
When the fungal colonies were observed on the PDA medium 
in the culture dish, NHN solutions (50 μM, phosphate buffer) 
were added upon the fungal colonies for co-incubation. After 
the incubation of 1 hour, the mix fungal colonies were excited 
under UV light at 365 nm, which displayed the blue or yellow 
fluorescent colonies. On the basis of the fluorescence 
spectrum of NGN (λem 446 nm), the fungal colonies displayed 
blue fluorescence emission were determined to be the target 
fungi with the expression of GT. Then, under the aseptic 
condition, single colonies with blue fluorescence emission 
were picked up and subjected on the PDA medium for the 
culture at 30 ºC for 48 h. When the fungal colonies were 
observed, NHN was applied to identify the target fungi again. 
And, the target fungi were picked up repeat until the purify 
fungi were obtained. Finally, two fungal colonies displayed 
significant blue fluorescence emission under the UV light 
irritation (365 nm) were obtained as F-1 and F-2 fungi.

Molecular analysis of two isolated fungi. The filamentous 
fungi (F-1, F-2) were grown at PDA medium and was assayed 
using 18S rRNA and ITS sequencing (Figure S15, Table S1). 
All sequences of the ITS and 18S rRNA of each isolate were 
aligned using software ApE. The molecular analysis of the 
ITS1-5.8S-ITS2 and 18S rRNA regions of fungal strains F-1, 
F-2 were performed by searching databases using BLAST 
(http://www.ncbi.nlm. nih.gov/BLAST/). Evolutionary 

analyses of two isolated fungi strains on the basis of 18S 
rRNA and ITS sequencing were conducted in MEGA7.

Confocal microscopic imaging of fungi strains. Two 
isolated fungi R. oryzae (F-1) and M. circinelloides (F-2) were 
incubated in YPG medium at 30 ºC for 12 h. Fluorescent 
probe NHN (50 μM) was added and incubated for 8 h. The 
hyphostromas were filtered and washed by sterile water and 
re-suspended in 0.1 M PBS, pH 7 and spotted on poly-L-lysine 
pre-treated glass slides and immobilized with coverslips. 
Fungal imaging tests were conducted with Olympus Confocal 
Microscope with the excitation wavelength at 800 nm and 
emission wavelength at 460 − 500 nm, and 520 − 560 nm, 
respectively.

Glucosylation of different substrates by R. oryzae. Nine 
natural compounds kaempferol (1), apigenin (2), 4-
methyldaphnetin (3), emodin (4), triptophenolide (5) and 
environmental pollutants estrogens ethinylestradiol (6), 17α-
estradiol (7), 17β-estradiol (8), and estrone (9) were used as 
the substrates to be glucosylated by the isolated filamentous 
fungi R. oryzae, following the procedure of NHN 
glucosylation as abovementioned. Each substrate (2 mg) was 
transformed by R. oryzae in 100 ml incubation culture. After 
the filtration of fungal hyphostroma, the cultures containing 
substrates and corresponding glucosides were analyzed using 
HPLC-DAD and HR-MS. The HPLC conditions were as 
followed: CH3OH-H2O (10:90 – 100:0, 0 – 50 min), follow 
rate 1 mL/min, detected at 210 nm. Comparison of the peak 
area between the substrates and glucosides was used to 
calculate the conversion rates.  

Reverse transcription-polymerase chain reaction (RT-
PCR) experiment of GTs in R. oryzae. Total RNA was 
extracted using TRIzol reagent according to the kit protocol 
(TaKaRa Bio, Dalian, China). cDNA was reverse-transcribed 
using the PrimeScript RT Reagent Kit (TaKaRa Bio, Dalian, 
China) according to the manufacturer’s instructions. PCR 
analysis was performed on aliquots of the cDNA preparations 
to detect gene expression. Primer pairs were as shown in Table 
S2. The polymerization reaction was performed in an Aglient 
SureCycler 8800 under the following conditions: an initial 
denaturation of 3 min at 98 °C; 35 cycles of 30 s at 95 °C, 30 s 
at 60 °C and 30 s at 72 °C; after the 35 cycles, an extra 
extension step of 15 min at 72°C was added, followed by 
cooling at 16 °C at the end of this program. Amplification 
products were analyzed on 1.5% agarose gel electrophoresis, 
stained with ethidium bromide, and photographed under 
ultraviolet light.

RESULTS AND DISCUSSION
Fluorescent characteristic of NHN towards GT. 

According to the substrate preference of glycosyltransferase, 
the 4-OH of naphthalimide could be as the vital reaction site 
of GT. NHN, with the two-photon ratiometric fluorescent 
characteristics, was used as the best preferred substrate of GT, 
for real-time monitoring and visualizing the GTs of fungi. The 
phenolic hydroxyl group at C-4 position of NHN was a good 
electron donor, which could accept the glucosyl group from 
UDPG in the presence of GT (Scheme 1). The glucosylated 
product NGN was also detected in the enzymatic solutions 
using HPLC-DAD (Figure S16), and its chemical structures 
was confirmed on the basis of 1D-, 2D-NMR and HRMS, 
respectively. Because the 4-OH triggered a strong 
intramolecular charge transfer (ICT) effect upon photon 
excitation in its structure,39 the glucosylation of 4-OH induced 
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the significant changes of both absorption and emission of the 
4-O-β-D-glucopyranosyl-N-butyl-1,8-naphthalimide (NGN). 
Compared with the moderate emission of NHN (λem 556 nm, 
Ф = 0.183), NGN as a water-soluble product, displayed a 
stronger fluorescence emission at λem 446 nm (Ф = 0.788) 
(Figure S17). It was reported that 4-O-β-D-galactopyranosyl-
N-butyl-1,8-naphthalimide has been developed for the 
detection of β-galactosidase (NI-βGal), with the N-(n-butyl)-
4-hydroxy-1,8-naphthalimide as the sensing product.29 
Although our product (NGN) had same planar structure with 
NI-βGal31, the configuration of 4α-OH of glucopyranosyl 
moiety in NGN is different with that of NI-βGal. NGN and 
NI-βGal possessing the similar chemical structure displayed 
the similar fluorescent properties at λex 350/λem 446, and λex 
365/λem 440 nm, respectively, which also confirmed the 
glucosylation of NHN by GT.

Figure 1. (a) Fluorescence spectra changes of NHN (10 μM) 
upon addition of increasing concentration of GT (0 − 90 μg/mL). 
(b) Fluorescence spectra changes of NHN (10 μM) upon addition 
of GT (30 μg/mL) in phosphate buffer for incubation time 0 – 80 
min. (c) Fluorescence intensities ratio (I446/I556) of NHN (10 μM) 
upon addition of different enzymes (30 μg/mL). (d) The influence 
of various ions (2 mM) on the enzymatic glucosylation of NHN. 
(λex 398/λem 446 nm, λex 398/λem 556 nm, gain value = 80%, 
Enzymatic reaction was performed in KH2PO4-K2HPO4 buffer 
(pH 7) and terminated with acetonitrile (33% v/v), UDPG 0.3 
mM, 37 °C; NHN were resolved in DMSO as stock solution, 
which was added into the GT KH2PO4-K2HPO4 buffer solution 
with DMSO volume < 1%).

Fluorescence behavior of NHN towards GT under 
different conditions. The fluorescence behavior of NHN 
mediated by GT at the different concentrations (0 − 90 μg/mL) 
was investigated. Figure 1a showed that the emission at 446 
nm corresponding to NGN increased while the original 
emission at 556 nm of NHN decreased following with the 
increase of GT concentrations. And a good liner relationship 
was observed between the fluorescence intensities ratio 
(I446/I556) and concentrations of GT (Figure S18). Additionally, 
the established calculation curve displayed an excellent 
accuracy for the GT activity assay using the known GT 
concentration (Table S3). Absorption spectra of NHN upon 
additions of different amounts of GT (0 − 90 μg/mL) in 
phosphate buffer for 30 min were also recorded, which 
displayed the change of NGN and NHN similarly to Figure 1a 
(Figure S19).

NHN was designed as the fluorescent probe for selectively 
sensing GTs. Thus, the enzymatic selectivity and stability 
characteristics of NHN were investigated between GT and 

other conjugases (Xylosyltransferase 1 (XYLT1), O-
Mannosyltransferase 1 (POMT1), Uridine-disphosphate 
glucuronosyl-transferases: UGT1A1, UGT1A4, UGT2B4, 
UGT2B7; N-acetyltransferase: NAT1, NAT2; 
Sulfotransferases: SULT2A1, SULT1B1; Catechol-O-
methyltransferase: DOMT) and hydrolases (Carboxylesterase: 
CES1b, CES1c, CES2; Leucine arylamidase: LAP). Especially, 
XYLT1, POMT1 and UGTs were the similar 
glycosyltransferases, in comparison with GT. As shown in 
Figure 1c, the fluorescence intensity ratio I446/I556 of GT 
enzymatic system was approximately 50-fold than those of 
other enzymes, which displayed a high selectivity of NHN 
towards GT as well as the stability of NHN in the presence of 
hydrolase. Furthermore, hydrolysis of NGN mediated by 
various glycoside hydrolases (0.1 U), has been investigated, 
which indicated the well stability of NGN in the presence of 
glycoside hydrolases, such as β-glucosidases, α-glucosidase, 
and β-glucuronidase (Figure S20). The enzymatic kinetics of 
NHN glucosylation mediated by GT gave a Michaelis-Menten 
enzymatic reaction with the Vmax 0.06145 ± 0.002814 
μmol/min/mg and Km 6.748 ± 1.082 μM (Figure S21), which 
displayed a better affinity than those known substrates.5 

Additionally, using the Microscale thermophoresis binding 
assay as a technique, the  KD for NHN binding to GT was 
calculated to be 76 μM (Figure S22).

The influence of ions on the fluorescence responses of 
NHN. As shown in Figure S23, no influence of ions including 
metal and acid ions on fluorescence responses of NHN and 
NGN, was observed. However, when these ions were added 
into the incubation system, they displayed potential influence 
on the glucosylation of NHN mediated by GT (Figure 1d). 
Under relatively high concentration of ions (2 mM), some of 
common ions such as Sn4+ and Mg2+ could remarkably 
improve the GT activity. However, Cu2+, Zn2+, Ni2+, and CO3

2- 
inhibited the glucosylation of NHN significantly. Moreover, 
the influence of ions towards GT activity was similar to the 
previous reports, which meant that NHN for sensing GT was 
very reliable.5,40     

The rapid isolation of GT expressed fungi with the 
guidance of NHN. Recently, more and more fungi were 
applied as the catalytic systems to prepare various glycoside 
derivatives from medicinal compounds.41,42 And many GTs 
has been obtained and characterized from natural fungi. 
However, the tedious screening experiment of target fungi 
strains from complex sample would be challenged for 
researchers. Therefore, the efficient detection of GTs in fungi 
is very important to find the novel typical fungi with over-
expressed GTs. On the basis of data above mentioned, NHN 
was further applied for the real-time detection of GTs in fungi, 
which could effectively guide the rapid isolation of fungi with 
high glucosylation capability from the complex soil samples.

The soil sample from the farmland of Dalian Medical 
University was used for further purification of target fungi. 
The soil sample was extracted by sterile water and then well-
distributed on PDA medium (Potato Dextrose Agar medium) 
containing penicillin and streptomycin (50 mg/L). When the 
fungal colonies were observed on PDA medium (Figure 2), the 
KH2PO4-K2HPO4 (pH 7) solution of NHN (50 μM, 1% 
DMSO), were added into the culture dish. Then, the mix 
fungal colonies were excited under UV light 365 nm, which 
gave the blue or yellow fluorescence colonies after the 
incubation of 1 h (Figure 2). On the basis of fluorescence 
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spectra of NGN (λem 446 nm), single colony isolation 
technique was performed to select the blue fluorescence 
colonies. Finally, two fungal colonies were obtained with 
significant blue fluorescence emission under UV light 
irritation (365 nm) (Figure 2f, 2i), which were deduced to be 
GTs engineering fungi strains (F-1, F-2). On the other hand, 
the negative fungi strains were also isolated, which displayed 
no blue emission in the presence of NHN under the UV light 
(Figure S24). Furthermore, the molecular analysis of the ITS1-
5.8S-ITS2 and 18S rRNA regions of fungal strain (F-1) 
showed high similarity (95%, 96%) to the species Rhizopus 
oryzae by searching databases using BLAST 
(http://www.ncbi.nlm.nih. gov/BLAST/). Similarly, fungal 
strain (F-2) also displayed high similarity to the species Mucor 
circinelloides. As shown in Figure S25-S28, the phylogenetic 
clades formed on the basis of ITS1-5.8S-ITS2 and 18S rRNA 
genes using MEGA7 were applied to identify R. oryzae and M. 
circinelloides, respectively.

Figure 2. Fluorescent colony imaging of fungi in the presence of 
NHN (50 μM) under UV light at 365 nm. Mix sample (soil 
sample, a-c), R. oryzae (fungus F-1, d-f), and M. circinelloides 
(fungus F-2, g-i).

The fluorescent imaging of fungi with NHN. We further 
evaluated the potential application for two-photon ratiometric 
fluorescence imaging intracellular GT in R. oryzae and M. 
circinelloides. After the incubation of two fungal strains for 
12h at 30 °C, NHN (50 μM) solution containing 1% DMSO 
was added for the continuous incubation of 8h, respectively. 
After the cleanout of culture media, the hyphostromas of R. 
oryzae and M. circinelloides were subjected to a confocal 
microscopy for fluorescence imaging excited by two-photon 
(λex 800 nm), respectively. As shown in Figure 3, the images 
of two fungi displayed significant fluorescent emission excited 
by two-photon (λex 800 nm). Additionally, one-photon 
confocal microscopy images of two fungi also displayed the 
fluorescent emissions of NHN and NGN (Figure S31). 
Compared with the one-photon images, two-photon images 
showed stronger fluorescent emission, which indicated the 
absolute advantage of two-photon in the imaging of 
intracellular GTs. 

The glucosylation of NHN by R. oryzae was also confirmed 
by HPLC-DAD without other metabolites (Figure S32). As a 
ratiometric fluorescent probe, NHN was applied to 
quantitatively determine the glucosylation capability of two 
isolated fungi. Furthermore, as a fluorescent probe to sense 
endogenous GT in fungus, NHN displayed no cytotoxicity 
against fungal cells (R. oryzae) under different concentrations 
(0, 10, 50, 100 μM) and co-incubation time (4 h, 8h, 12h, and 
24h) (Figure S33). Compared with the fluorescence emission 
of R. oryzae, M. circinelloides displayed weaker fluorescence 
response to NGN. Generally, the ratio value (Figure 3d, 
I450/I550) of R. oryzae was twofold of M. circinelloides (Figure 
3h, I450/I550), which indicate the expression difference of GTs 
in two fungal strains. In the same way, the one-photon 
radiometric images (Figure S31d, S31h) also indicated the 
more expressed GT of R. oryzae than that of M. circinelloides.

Figure 3. Two-photon confocal microscopy images of R. oryzae 
and M. circinelloides (λex 800 nm; a, e: λem 460 − 500 nm; b, f: 
λem 520 − 560 nm; c, g: merge; d, h: ratio) incubated with NHN 
(50 μM, 1% DMSO) for 8 h at 30 °C. Scale bar 50 μm. Control 
group without NHN (Figure S29, S30).

Figure 4. Two-photon ratiometric confocal microscopy images of 
R. oryzae and M. circinelloides in the presence of different metal 
ions (a, f: GT control; b, g: Sn4+; c, h: Mg2+; d, i: Cu2+; e, j: Zn2+) 
and the corresponding general ratio values (k). The ratiometric 
images displayed the ratios of emission intensities collected at λem 
460 − 500 nm and λem 520 − 560 nm with the λex 800 nm. Scale 
bar 50 μm.

The present investigation indicated that the glucosylation of 
NHN by GT was influenced significantly by several metal 
ions (Figure 1d), which was similar to the reported results.5,38 

Therefore, the influences of metal ions on the intracellular 
GT’s activity in R. oryzae and M. circinelloides was studied 
using NHN as the substrate. According to the previous results 
(Figure 1d), Sn4+ and Mg2+ were applied as the activators for 
the GT activity. On the other hand, Cu2+ and Zn2+ were added 
into the culture of two isolated fungi as the inhibitor for the 
GT activity. When the two-photon confocal microscopy 
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images were obtained, the ratio images indicated that metal 
ions displayed similar influences on the glucosylation of NHN 
mediated by R. oryzae and M. circinelloides (Figure 4). The 
Sn4+ could increase the emission intensity corresponding to the 
significant production of NGN, according to the general ratio 
values 0.98 (R. oryzae) and 0.72 (M. circinelloides).

Meantime, the Mg2+ could enhance the glucosylation 
capability of two fungi moderately. On the other hand, Cu2+ 
and Zn2+ could decrease the ratio values moderately, which 
meant the less production of NGN. All of the fluorescence 
images suggested the activation of GT by Sn4+ and Mg2+ and 
the inhibitory effect Cu2+ and Zn2+ on GT, which would be 
helpful for the micro transformed glucosylation.  Additionally, 
the significant influence of metal ions on the glucosylation 
capability of fungi, were consisted with that of in vitro 
experiment (Figure 1d). Therefore, these evidences indicated 
that the two-photon ratiometric fluorescent probe NHN to 
detect intracellular GTs was reliable and effective.

The confirmation of glucosylation capability of fungi by 
RT-PCR and various substrates. The glucosylation 
capability of R. oryzae was confirmed using some medicinal 
compounds as GT substrates including kaempferol (1), 
apigenin (2), 4-methyldaphnetin (3), emodin (4), 
triptophenolide (5) and environmental pollutants estrogens 
ethinylestradiol (6), 17α-estradiol (7), 17β-estradiol (8), and 
estrone (9). After the incubation of R. oryzae with these 
substrates for 48h, the corresponding glucoside derivatives 
were detected by HPLC and MS (Figure S34-S51), and their 
conversion rates were determined as shown in Figure 5a, 5b. 
Most of the substrates could be transformed to their 
corresponding glucosides with high conversion rates of 
70%−95%. However, the multiple phenolic compounds such 
as compounds (2−4) were converted to glucosides with the 
approximate rates of 30%, which may be deduced by the 
affinity distinction between substrates and GT protein. 

Figure 5. (a) The chemical structures of various substrates; (b) the 
yields of Glucosylation by R. oryzae. (c) RT-PCR of different 
glycosyltransferases in R. oryzae (R) and M. circinelloides (M). 
Protein marker (1), 18S (2, 3), UGT58A1 (4, 5), UGT59A1 (6, 7), 
Asm25 (8, 9), ElmGT (10, 11), UrdGT1a (12, 13), UrdGT1b (14, 
15), and UrdGT1c (16, 17).

In order to confirm the expression of GTs in R. oryzae and 
M. circinelloides, RT-PCR experiment has been performed for 
several GTs proteins, including UGT59A1, ElmGT, UrdGT1c 
and ElmGT, all of which were obtained from microorganisms. 
As shown in Figure 5c, RT-PCR experiment indicated that 

proteins similar to UGT59A1, ElmGT, and UrdGT1c were 
expressed in R. oryzae. Asm25 alike protein was expressed in 
M. circinelloides. Especially, the UGT59A1 expressed in R. 
oryzae was a GT enzyme isolated from fungus Rhizopus 
japonicas, previously.41 So, it was reasonable that Rhizopus 
oryzae and Rhizopus japonicas as the fungal strains of 
Rhizopus genus expressed the same GT UGT59A1.

Thus, both glucosylation of various compounds and RT-
PCR analysis fully confirmed that R. oryzae and M. 
circinelloides possessed abundant GTs and excellent 
glucosylation capability, which strongly proved our 
fluorescent probe to be useful in rapidly discovering target 
fungi with over-expressed GTs from complex samples.

CONCLUSIONS
In summary, a two-photon ratiometric fluorescent method 

was developed for detecting GTs activity in fungal samples by 
using our designed probe. And this probe can serve as a 
convenient one-step straight forward assay for GTs detection, 
as well as provide a powerful approach for real-time tracking 
GTs-rich fungal strains. Finally, using our strategy, two 
targeted filamentous fungi were efficiently obtained, which 
were identified as R. oryzae and M. circinelloides by 
molecular analyses. These fungi as the novel transformation 
models, exhibited the robust capability to regio- and 
stereospecific O-glycosylation. Our strategy herein could offer 
the new quantitative approach for rapid isolation and imaging 
the fungi with high level of GTs from the complex samples.
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