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ABSTRACT

PGP-1 is a bacterial hydrolase that can hydrolyze the amide bond of the L-
pyroglutamate (L-pGlu) residue at the amino terminus of proteins and peptides.
Guided by the biological function of PGP-1, an off-on NIR fluorescent probe
DDPA was developed for the visual sensing of PGP-1 by conjugating
pyroglutamic acid (recognition group) and DDAN (fluorophore). Using
intestinal bacteria cultivation, eight bacteria strains with active PGP-1 were
identified and cultivated efficiently using DDPA. In addition, three natural
inhibitors against PGP-1 were isolated from the medical herb Psoralea
corylifolia, which could be used to interfere with bacterial metabolism in the gut.
As such, the fluorescent probe DDPA provides an efficient method and potential

tool for the investigation of intestinal microbiota.

Keywords: PGP-1; Fluorescent probe; DDPA; Intestinal bacteria; High throughput
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1. Introduction

Intestinal microbiota refers to the plethora of microorganisms that inhabit the
human gastrointestinal tract.[1-3] Increasingly links between intestinal
microbiota and human health and diseases have been uncovered.[4-6] Research
has indicated that metabolites from gut microbiota play key roles in the biological
processes of the host.[7, 8] As such, the metabolism of endogenous and
exogenous substances by biological enzymes from gut microorganisms has
attracted significant attention.[9-11]

Among various biological enzymes, pyroglutamyl aminopeptidase | (PGP-1,
EC 3.4.19.3) is an important peptide metabolic enzyme that is expressed in
bacteria, such as Helcococcus ovis, Enterococci and Streptococcus pyogenes,
Bacillus amyloliquefaciens, and Enterobacteriaceae.[12-15] PGP-1 is a cytosolic
cysteine peptidase, that specifically removes the L-pyroglutamate (L-pGlu)
residue from the amino terminus of L-pGlu proteins and peptides.[16, 17] PGP-
1 mediates the metabolism of thyrotropin-releasing hormone (TRH) and
luteinizing hormone releasing hormone (LH-RH) in vivo, along with controlling
hormonal signals.[18, 19] In the gastrointestinal tract, gastrin and neurotensin are
peptides that also possess the L-pGlu residue, which can be hydrolyzed by PGP-
1 derived from intestinal bacteria. Consequently, gastrointestinal bacteria with
PGP-1 expression participate in the metabolism of endogenous biological
peptides, which can interfere with the physiological status of humans. In
consideration of the important functions of the intestinal bacteria with active
PGP-1, the identification and cultivation of target bacteria are important for
investigating the interaction between bacteria and the host. While, the inhibitors
of PGP-1 from bacteria are anticipated to interfere with the metabolism of
peptides mediated by intestinal bacteria.

Until now, the activity of mammalian PGP-1 has been determined using a
colorimetric assay and several fluorescent probes.[20-23] However, only a few

fluorescent probes with suitable fluorescence properties have been developed for



the visual detection of bacterial PGP-1, and the identification of inhibitors for
PGP-1.

Fluorescent probes with high sensitivity have been developed for the real time
sensing of biological enzymes from various species, including mammals, fish,
fungi, and bacteria.[24-35] Hence, we decided to use 7-amino-1,3-dichloro-9,9-
dimethylacridin-2(9H)-one (DDAN) as a near-infrared (NIR) fluorophore, to
develop the fluorescent probe DDPA for the visual sensing of bacterial PGP-1
using pyroglutamic acid as the targeting group for PGP-1. Using DDPA as an
activity assay for PGP-1, a high throughput screening method for natural
inhibitors was established successfully. Furthermore, DDPA was used for the
identification of intestinal bacteria with PGP-1 expression from human feces.

2. Experimental
2.1. Materials and apparatus

The nutrient broth medium for bacterial cultivation was purchased from Qingdao
Haibo Biotechnology Co. Ltd. (China). The agar, glucose, Na2HPO4, NaH2PO4 were
produced by Dalian Meilun Biotechnology Co., Ltd (China). The chemical reagents for
the synthesis of the fluorescent probe such as hexane, ethyl acetate, dichloromethane,
acetonitrile, and methanol were purchased from Tianjin Kemio Chemical Reagent Co.,
Ltd. Recombinant human carboxylesterases (CE1b, CElc, and CE2) and CYP4F2 were
purchased from Corning Incorporated Life Sciences. Lipase, leucine aminopeptidase
(LAP), aminopeptidase N (APN), penicillin G acylase (PGA), y-glutamyl-transferase
(GGT), bovine serum albumin (BSA), and human serum albumin (HSA) were
purchased from sigma-aldrich. Pyroglutamyl aminopeptidase I (PGP-1) was the
production of Maibo Pharmaceutical Co., Ltd.

NMR spectra of the synthesized compounds and isolated natural compounds were
acquired using a Bruker-500 and 600 with tetramethylsilane (TMS) as the internal
standard (Bruker, USA). High resolution mass spectral (HRMS) was measured using a
G6224A TOF-MS. HPLC analysis was performed on a Dionex UltiMate 3000 equipped
with a DAD detector and a C18 silica gel column (Thermo Scientific, USA). Natural

compounds were purified using pre-HPLC manufactured by Agel Technology, which



contained an YMC (250 mm % 10 mm) column packed with C18 (5 um) silica gel,
followed using a UV detector. A constant temperature incubator shaker (HZQ-C) was
obtained from Harbin Donglian Electronic Technology Development Co., LtD (China).
A confocal laser scanning microscope was manufactured by Leica (German).
Fluorescence spectra and fluorescence intensity were obtained using a BioTek Synergy
H1 microplate reader (BioTek, USA). The fluorescence imaging for the high throughput
screening of inhibitors was recorded using an Amersham Typhoon RGB (GE, USA).
2.2. Synthesis of the fluorescent probe DDPA

The fluorescent probe DDPA was synthesized according to the route as shown in
Scheme S1 (Scheme S1).

2.2.1. Synthesis of DDAN

Compound DDAN was prepared according to our previous report.[36] '"H NMR (500
MHz, DMSO-ds) 81 7.70 (s, 1H), 7.37 (d, J = 8.7 Hz, 1H), 7.22 (s, 2H), 6.87 (d, J=2.3
Hz, 1H), 6.67 (dd, J = 8.7, 2.3 Hz, 1H), 1.77 (s, 6H).

HATU (760.4 mg, 2.0 mmol) and DIEA (258.6 mg, 2.0 mmol) was added into a
solution of N-(tert-Butoxycarbonyl)-L-pyroglutamic acid (458.5 mg, 2.0 mmol) in
anhydrous DMF (15 mL), and the mixture was stirred for 30 min at 0 °C. Then, a
solution of DDAN (459.0 mg, 1.5 mmol) in anhydrous DMF (12 mL) was added, and
the mixture was stirred at room temperature (RT) for further 12 h. Then the mixture
was diluted with CH2Cl», and washed three times with water. The organic phase was
dried over MgSO4 and evaporated under reduced pressure, and the residues were
purified over a silica column with CH2Cl2/MeOH (30/1 v/v) to afford compound
DDPA-Boc as an orange solid (87.6 mg, yield: 11.3 %). *H NMR (500 MHz, CDCls)
91 9.16 (s, 1H), 8.03 (d, J = 1.8 Hz, 1H), 7.70 — 7.62 (m, 2H), 7.59 (d, J = 8.6 Hz, 1H),
4.75 (dd, J = 8.7, 4.9 Hz, 1H), 2.76 (dt, J = 17.4, 8.8 Hz, 1H), 2.63 — 2.56 (m, 1H), 2.47
—2.32(m, 2H), 1.88 (d, J = 7.3 Hz, 6H), 1.48 (s, 9H). 3C NMR (125 MHz, CDCls) ¢
174.71, 173.28, 169.49, 149.94, 148.73, 141.73, 140.94, 139.63, 139.49, 137.79,
136.91, 134.99, 132.94, 119.43, 117.93, 84.69, 61.80, 39.21, 31.98, 28.04, 26.70, 26.68,
21.57. HRMS (ESI positive) calcd for [M+H]* 518.1244, found 518.1248.

2.2.2. Synthesis of compound DDPA



Trifluoroacetic acid (3 mL) was added into a solution of DDPA-Boc (51.7 mg, 0.1
mmol) in CH2Cl> (8 mL), and the mixture was stirred for 8 h at RT. After removing the
solvent, the residues were purified over a silica column with CH2Clo/MeOH (10/1 v/iv)
to afford DDPA as an orange solid (34.7 mg, yield: 83.2 %). 'H NMR (500 MHz,
MeOD) ou 8.05 (s, 1H), 7.71 (s, 1H), 7.64 (d, J = 11.6 Hz, 2H), 4.41 — 4.35 (m, 1H),
2.61 —2.45 (m, 2H), 2.38 (dd, J = 16.2, 10.2 Hz, 1H), 2.22 (s, 1H), 1.92 (s, 6H). 1*C
NMR (100 MHz, MeOD) éc 180.20, 173.01, 172.13, 148.59, 142.32, 141.11, 139.63,
139.27, 137.42, 136.45, 134.43, 132.50, 118.91, 117.41, 57.52, 39.02, 29.08, 25.64,
25.36. HRMS (ESI negative) calcd for [M-H] 416.0574, found 416.0569.

2.3. Enzymatic hydrolysis of DDPA mediated by PGP-1

The enzymatic hydrolysis of DDPA mediated by PGP-1 was performed in phosphate
buffer (PB, pH 7.4) containing K;HPO4 and KH,PO4 (K" 100 mM). 200 uL PB
containing PGP-1 (0.05 pg/mL) and DDPA (10 pM) were shaken under constant
temperature (37 °C) for 1h. Then, 100 pL acetonitrile was used to terminate the
enzymatic reaction before the removing of denatured protein by centrifugation (20000
g, 10 min). The fluorescence spectra (Aex 600/Aem 670 nm) of the supernatant were
evaluated using a microplate reader.

In addition, the fluorescence intensity during a series enzymatic hydrolyses with
DDPA (10 uM) were monitored with the addition of PGP-1 at different concentrations
(0, 0.002, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 pg/mL).

The selectivity of DDPA toward PGP-1 was evaluated through the co-incubation of
DDPA and various biological enzymes CYP4F2, CE2, CElc, CE1b, PGP-1, PGA, BSA,
HSA, GGT, APN, LAP and lipase (0.05 pg/mL). The effect on the fluorescence
intensity of DDPA and the enzymatic hydrolysis of DDPA was evaluated using various
species, including ions (Mn?*, Ca?*, Mg?*, Ni**, Zn**, Sn*', Fe**, Ba?*, Cr®", K*, Cu®",
Na* (200 uM), amino acids (Ser, Trp, Tyr, Gly, Gys, Arg, Lys, Gln, GSH, 10 uM), and
glucose (10 uM).

2.4. Investigation of the inhibitory effects of natural products on PGP-1

The high throughput screening for PGP-1 inhibitors were performed in 96-well plates

by the co-incubation about PGP-1 (0.05 pg/mL), DDPA (10 uM) and various herb



extracts (1 pg/mL) with the same enzymatic reaction conditions as mentioned above.
The herbs used are listed in Table S1. Then, the plate was subjected to fluorescence
imaging (Aex = 635 nm, Aem = 670 £ 15 nm) using an Amersham Typhoon RGB.
According to the fluorescence intensity of individual wells, the inhibitory effect of each
herb was determined. The inhibitory effect of isolated compounds was evaluated using
the same protocol.
2.5. Isolation and spectroscopic data of isolated natural compounds from P. corylifolia
as PGP-1 inhibitors

The powdered P. corylifolia (100 g) was extracted using an ultrasonic method in
ethanol three times. After evaporation of ethanol under reduced pressure, the residue
was analyzed using HPLC (ODS column), with CH3;0H-H>0 (0.05% TFA, v/v) as the
mobile phase (gradient change 10% -100% CH3OH 0-30 min; 100%-100% CH3OH 10
min; flow rate 0.8 mL/min). Then, the ethanolic extract of P. corylifolia was separated
by an automatic purification system equipped with a RP-C18 column. The
chromatographic method used 10%-100% CH3OH, 0-60 min, flow rate 8 mL/min. 11
fractions were collected for evaluation as PGP-1 inhibitors. Fractions 6, 8, and 11 were
determined to be bioactive, andwere therefore isolated to facilitate identificated. Finally,
the 'H, 1*C NMR, and HR-MS spectral data for fractions 6, 8, and 11were acquired to
elucidate the structures by comparison with the previously reported data. The HPLC
chromatographic method for isobavachalcone was set as 50% CH3CN-50% H20 (0.05%
TFA, v/v), flow rate 0.8 mL/min. The HPLC chromatographic method for corylinin and
bakuchiol was set as 60% CH3CN-40% H>O (0.05% TFA, v/v), flow rate 0.8 mL/min.

Isobavachalcone. 'H NMR (600 MHz, DMSO-ds) dn 14.00 (1H, s), 10.57 (1H, s),
10.12 (1H, s), 8.04 (1H, d, J=9.0 Hz), 7.75 (1H, m), 6.84 (2H, d, /= 9.0 Hz), 6.47 (1H,
d,J=8.4 Hz), 5.18 (1H, m), 3.23 (2H, d,J=7.2 Hz), 1.73 (3H, s), 1.62 (3H, s).
13C NMR (150 MHz, DMSO-ds) éc 191.76, 163.53, 162.27, 160.24, 144.12, 131.19,
130.45, 129.81, 125.77, 122.36, 117.37, 115.84, 114.44, 112.70, 107.30, 25.48, 21.26,
17.71. HR-MS (+ESI) m/z 325.1424 [M+H]", calcd for C20H2104 325.1434.

Corylinin. "H NMR (600 MHz, DMSO-de) du 10.76 (1H, brs), 9.44 (1H, s), 8.24
(1H, s), 7.95 (1H, d, J=9.0 Hz), 7.23 (1H, d, J= 2.4 Hz), 7.18 (1H, dd, /= 8.4, 2.4



Hz), 6.93 (1H, dd, J=9.0, 2.4 Hz), 6.85 (1H, d, J=2.4 Hz), 6.82 (1H, d, J = 9.0 Hz),
5.31 (1H, m), 5.07 (1H, m), 3.25 (1H, d, /= 7.2 Hz), 2.05 (2H, m), 1.98 (2H, m), 1.68
(3H, s), 1.56 (3H, brs), 1.53 (3H, s). >*C NMR (150 MHz, DMSO-ds) 6c 174.70, 162.47,
157.41, 154.80, 152.68, 134.95, 130.68, 129.98, 127.34, 127.27, 127.04, 124.07,
123.81, 122.59, 122.52, 116.64, 115.08, 114.46, 102.06, 27.90, 26.11, 25.38, 17.54,
15.88. HR-MS (+ESI) m/z 391.1904 [M+H]", calcd for C2sH2704 391.1904.

Bakuchiol. "H NMR (600 MHz, DMSO-ds) 519.38 (1H, s), 7.21 (2H, d, J= 8.4 Hz),
6.69 (2H, d, J=8.4 Hz), 6.19 (1H, d, J=16.8 Hz), 6.04 (1H, d, J=16.8 Hz), 5.88 (1H,
dd, J =17.4, 10.8 Hz), 5.10 (1H, m), 5.17 (1H, dd, J =10.8, 1.2 Hz), 4.98 (1H, dd, J
=17.4, 1.2 Hz), 1.89 (1H, m), 1.63 (3H, s), 1.53 (3H, s), 1.43 (2H, m), 1.15 (3H, 5). 1*C
NMR (150 MHz, DMSO-ds) dc 156.63, 145.90, 134.00, 130.50, 128.31, 127.14, 126.48,
124.69, 115.32, 111.80, 42.07, 40.92, 25.46, 23.00, 22.84, 17.46. HR-MS (+ESI) m/z
257.1929 [M+H]", calcd for CisH250 257.1900.
2.6. Identification of target intestinal microbiota from human feces using DDPA

The human stools of healthy subject were collected from Dalian Medical University.
The fresh stools were dispersed in sterile water immediately, which was then cultured
on nutrient broth agar medium (NB) until the formation of obvious colonies (37 °C, 48
h). When the bacterial colonies were observed on the agar plates, DDPA was dropped
onto the bacterial colonies for a co-incubation of 5 h. Then, fluorescence images of the
agar plates were obtained using an Amersham Typhoon RGB (Aex 635 nm, Aem 670 £ 15
nm). For the bacterial colonies with strong fluorescence intensity, a further purification
was performed on the NB culture. The isolated bacteria strains were identified by 16s
rDNA sequence. The RT-PCR primers were as follows.

1510 R: 5’-ACGGYTACCTTGTTACGACTT-3’

7F: 5’-AGAGTTTGATYMTGGCTCAG-3’

2.7. Fluorescence imaging of B. velezensis FZB42 cells using DDPA

B. velezensis FZB42 was cultured in NB medium to get enough cells with
ODsoo values at 0.7 - 0.8. The medium was removed by centrifugation (5000 rpm,
10 min). The bacterial cells were washed two times using PB (1 mL) and

suspended into PB (1 mL) following pre-incubation for 3 min at 37 °C. Then,



DDPA (50 uM) was added into the bacterial suspension for incubation at 37 °C
(6 h). For the inhibitory experiments, inhibitors (100 uM) were added into the
bacterial suspension together with the fluorescent probe. After incubation, the
clear bacterial cells were prepared by a washing procedure using PB and
centrifugation (5000 rpm). The bacterial cells were resuspended in 30 uLL PB for
fluorescence imaging experiments. The bacterial suspension was dropped onto a
glass slide, which was subjected to confocal laser scanning microscopy to obtain
fluorescence images (Aex = 633 nm, Aem = 645 - 690 nm).

3. Results and discussion

3.1. Development of a fluorescent probe for PGP-1

It is well known that PGP-1 hydrolase could hydrolyze the amide bond located
on the L-pyroglutamate (L-pGlu) residue at the amino terminus of proteins and
peptides. Therefore, guided by the biological function of PGP-1, pyroglutamic
acid was attached to DDAN using an amide bond as a recognition unit, affording
the designed fluorescent probe DDPA, which should be hydrolyzed by PGP-1,
to generate the NIR fluorescent molecule DDAN (Fig. 1a). With DDPA in hand,
the enzymatic reaction with PGP-1 was monitored using high performance liquid
chromatography (HPLC). From which, DDAN was detected in the PGP-1
enzymatic reaction (Fig. S1). On enzymatic reaction, the absorbance spectra
exhibited a large red shift from 474 nm to 600 nm, and a strong fluorescence
intensity was observed at 670 nm, which confirms the potential of DDPA as an
off-on fluorescent probe for the detection of PGP-1 (Fig. 1b).

The fluorescence responses of DDPA toward PGP-1 under various conditions
were then evaluated to determine a suitable activity assay system for PGP-1. As
shown in Fig. 2a, a series fluorescence curves were obtained for the incubation
of DDPA and PGP-1 at different concentrations. Furthermore, an excellent linear
relationship was observed between the fluorescence intensity at 670 nm and
PGP-1 concentrations (Fig. 2b), which suggested the quantitative application of
DDPA for PGP-1 analysis. For fluorescent probes, the selectivity of DDPA

toward PGP-1 is an important parameter. As such, the fluorescence responses of



DDPA toward various biological enzymes, amino acids, and ions were evaluated.
Only a weak fluorescence signal was observed for the co-incubation of DDPA
with biological enzymes, and in particular the aminopeptidases leucine
aminopeptidase (LAP), aminopeptidase N (APN), y-glutamyl-transferase (GGT)
(Fig. 2¢). In addition, amino acids and ions did not influence on the fluorescence
signal of DDPA (Fig. S3). Finally, the kinetics of the hydrolysis of DDPA
mediated by PGP-1 was determined using the Hill model (Fig. 2d), with the
kinetic parameters Vmax = 2.38 pumol/min/mg, Km = 8.305 umol. Therefore,
DDPA was confirmed as a suitable enzyme-activated NIR fluorescent probe for
PGP-1, with high sensitivity and selectivity.
3.2. High throughput screening of PGP-1 inhibitors using DDPA

Using DDPA as the fluorescent probe, a visual high throughput screening
(HTS) system was established to assay PGP-1 activity and identify inhibitors. In
a 96-well plate, 54 medical herb extractions were evaluated for their inhibitory
effect on PGP-1 (Table S1). After the fluorescence imaging of the plate, the
fluorescence intensity of each well visually indicated the inhibitory effect (Fig.
3a). No. 9 well displayed the weakest fluorescence intensity, suggesting the
strongest inhibitory effect for P. corylifolia against the hydrolase activity of PGP-
1, which was also confirmed by the fluorescence intensity measurements (Fig.
S4). We then set out to determine the bioactive chemical constituent of P.
corylifolia for PGP-1 exhibiting the inhibitory effect using widely available
methods, including inhibitory evaluation, chromatography, and spectroscopic
analysis. Firstly, the extract of P. corylifolia was subjected to HPLC separation,
11 fractions were collected for evaluation of the inhibitory effect (Fig. 3b). On
the basis of high throughput screening established using DDPA, fractions 6, 8,
and 11 were determined to be the most bioactive constituents (Fig. 3c). After
further separation by preparative HPLC, three bioactive compounds were
purified and their tH NMR, ¥C NMR, ESI-MS data were acquired.

The spectroscopic data of isolated compound BGZ-6 from fraction 6 were

indicative of a chalcone skeleton, possessing three hydroxyl groups, and an



isopentenyl moiety. The spectroscopic data of BGZ-6 were identical with the
known compound isobavachalcone from P. corylifolia.[37] On the basis of the
NMR and HR-MS data obtained for BGZ-8 from fraction 11, an isoflavone
skeleton was deduced, together with two hydroxyl groups and one geranyl group.
The spectroscopic data of BGZ-8 corelated with corylinin, which is a previously
reported compound from P. corylifolia.[38] The spectroscopic data of isolated
compound (BGZ-11) from fraction 11, indicated a di-substituted aromatic ring,
a terminal olefinic bond, a trans double bond, and three methyl groups. The HR-
MS together with NMR data confirmed the molecular formula to be C1gH240 for
BGZ-11. These spectroscopic data for BGZ-11 were consistent with bakuchiol,
a known compound from P. corylifolia.[37]

In summary the spectroscopic data facilitated identification of the isolated
compounds as isobavachalcone, corylinin, and bakuchiol (Fig. 3d), which are
known compounds from P. corylifolia. Using an activity assay for PGP-1,
significant inhibitory effects were determined for isobavachalcone (ICso 1.79
uM), corylinin (ICso 1.43 uM), and bakuchiol (ICsp 7.95 uM). Our preliminary
structural analysis indicated that flavone analogues exhibited stronger inhibitory
effects towards PGP-1. Significantly, this is the first report concerning the
inhibitory effects of extracted compounds from P. corylifolia for PGP-1, and
indicate the potential of these extracts for interfering with bacterial metabolism.
3.3. Visual identification of intestinal bacteria with active PGP-1

Intestinal bacteria exhibiting PGP-1 expression are important for the
metabolism of endogenous and exogenous biological peptides. Therefore, the
identification of these target bacteria is essential for a functional investigation of
intestinal microbiota. Therefore, a human fresh stool was diluted with sterile
water, and coated on nutrient broth agar plates for bacterial cultivation. When the
bacterial colonies were observed, DDPA was sprayed on these colonies for the
sensing of endogenous PGP-1. Subsequently, the fluorescence images of these
plates were obtained using a fluorescence imager. As shown in Fig. 4b, the

colonies with strong fluorescence intensity were picked for further purification



of target bacteria. Finally, eight intestinal bacterial strains were isolated and
identified as (1) Klebsiella pneumoniae DSM 30104, (2) Klebsiella pneumoniae
subsp. rhinoscleromatis strain R-70, (3) Klebsiella variicola F2R9, (4) Klebsiella
aerogenes NBRC 13534, (5) Shigella flexneri ATCC 29903, (6) Escherichia
fergusonii ATCC 35469, (7) Shigella sonnei CECT 4887, and (8) Bacillus
velezensis FZB42. Then, the isolated bacterial strains were cultured on agar
plates respectively. DDPA was dropped onto these bacterial colonies for the
visual sensing of endogenous PGP-1. As shown in Fig. 4c, the fluorescence
images obtained for these bacterial plates indicated the expression of active PGP-
1 for eight bacterial strains. Furthermore, DDPA was incubated with B.
velezensis FZB42 solution, which was then subjected to HPLC analysis. As
expected, the fluorophore molecule DDAN as the hydrolysis product was
detected, confirming the existence of active PGP-1 (Fig. S5). In summary, the
visual sensing of endogenous PGP-1 in bacterial colonies using DDPA,
facilitated the efficient identification and culture of bacterial strains from human
feces.

Additionally, B. velezensis FZB42 was incubated with DDPA and imaged
using a confocal laser scanning microscope. A fluorescence image was obtained
with strong fluorescence for the bacterial cells in comparison with the blank
group (Fig. 5a, 5b). While, when the inhibitor bakuchiol from P. corylifolia and
the previously reported inhibitor alantolactone were used to inhibit the hydrolysis
of DDPA by B. velezensis FZB42, a weak fluorescence signal was measured for
these bacterial cells (Fig. 5¢ and 5d). Thus, DDPA can be used for the visual
sensing of endogenous PGP-1 activity in bacteria.

4. Conclusions

Intestinal bacteria are associated with many aspects of human health and
diseases. PGP-1 expressed by intestinal bacteria is involved in the metabolism of
various biological peptides possessing L-pGlu residues. In this study, an
enzymatic activatable NIR fluorescent probe (DDPA) was developed for the real

time sensing of PGP-1. Using DDPA, a high throughput screening system for



PGP-1 activity was established, which guided the isolation of three natural
inhibitors from Psoralea corylifolia. In addition, eight intestinal bacterial strains
were identified and cultivated from human feces under the guidance of the visual
sensing of bacterial PGP-1 by DDPA. In summary, bacterial PGP-1 was visually
detected by DDPA, which was used to identify natural inhibitors and intestinal
bacteria successfully.
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Fig. 1. (a) Enzymatic hydrolysis of DDPA by PGP-1. (b) The absorbance spectra of DDAN

and DDPA. (c) The fluorescence spectra of DDAN and DDPA.
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Fig. 2. (a) Fluorescence responses of DDPA toward PGP-1 at different concentrations. (b)
Relationship between the fluorescence intensity at 670 nm and PGP-1 at different
concentrations. (¢) Fluorescence responses of DDPA toward various biological enzymes. (d)

Enzymatic kinetics for the hydrolysis of DDPA mediated by PGP-1.
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Fig. 3. The identification of natural inhibitors for PGP-1. (a) The visual high throughput
screening of herbs against PGP-1. (b) The chromatogram of P. corylifolia as well as the
prepared fractions 1-11. (c) Visual assay of the inhibitory effects of fractions 1-11 against

PGP-1. (d) Three inhibitors from P. corylifolia and their inhibitory effects against PGP-1.



Target bacteria

Fig. 4. Visual identification of intestinal bacteria from human feces using DDPA. (a)

Ilustration outlining the identification of target bacteria with active PGP-1 from human feces.
(b) Fluorescence imaging of culture media for human intestinal bacteria cultivation using
DDPA. (c) Visual sensing of endogenous PGP-1 corresponding to eight isolated intestinal
bacteria using DDPA. (1) K. pneumoniae DSM 30104, (2) K. pneumoniae R-70, (3) K.
variicola F2R9, (4) K. aerogenes NBRC 13534, (5) S. flexneri ATCC 29903, (6) E.

fergusonii ATCC 35469, (7) S. sonnei CECT 4887, and (8) B. velezensis FZB42.
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Fig.
5. Confocal laser scanning microscopic images of B. velezensis FZB42 (a) stained using

DDPA (b), in presence of alantolactone (c) and bakuchiol (d). Scale bar 10 pm.



