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A NIR fluorescent probe (DDAA) derived from fluorophore DDAO with alanine as the recognition group
was developed for sensing aminopeptidase N (APN) in gut microbiota. Using DDAA as the real-time
guidance tool for the fluorescence imaging of intestinal microorganism, target bacteria and
saccharomycete possessing active APN were identified successfully from human feces.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Aminopeptidase N (APN, EC 3.4.11.2), known as alanine amino-
peptidaseCD13(azinc-dependentmetalloproteinase), is recognized
as an exopeptidase that preferentially cleaves N-terminal amino
acids from polypeptides with the release of alanine [1]. As an
important biological enzyme, APN has been revealed in mammals
with various physiological functions [2]. Especially, APN has been
explored the close associationwith tumor invasion, metastasis, and
even angiogenesis, which is expected to be a biomarker for tumor
diagnosis [3]. Porcine aminopeptidase N was also revealed the
related receptor for porcinedeltacoronavirus infection [4]. Even, the
inhibitors of APN were payed more and more attentions as anti-
cancer agents [5–7]. Besides the mammals, APN has been recently
revealed in variousmicroorganisms, e.g., Escherichia coli, Streptomy-
ces lividans, which should be adequate to account for the major
intracellular peptide turnover capability [8,9]. As now, the expres-
sion of APN in the most important dairy propionibacteria, i.e.,
Propionibacterium jensenii and Propionibacterium freudenreichii has
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been confirmed, which played relevant roles in peptide substrate
utilization [10]. Thus, the bacterial APN is not only involved in the
intracellular peptide metabolism, but also performs an important
role in the exogenous peptide metabolism, such as the metabolic
function of intestinal bacteria.

Benefit from the advantages of fluorescence technology [11–
18], more and more attentions have been paid for the enzyme
activity measurement by fluorescence-based detection technique
[19–26]. Especially, fluorescent probes and bioluminescent probes
were prepared to perform in vitro and in vivo tracking the activity of
APN, even APN determination of human urine [27–34]. However,
few optical probes have been established for detecting the activity
of APN in microorganism. Especially, the identification of
microorganism with active APN desired an efficient method,
besides of metabolite detection and DNA sequence. Using
fluorescent probe as the substrate of APN, the bacterial colonies
possessing fluorescence signal indicated active APN, which was
measured conveniently as well as protein specially. Therefore, the
development of fluorescent molecular tool that can be used to
detect APN activity in microorganism has been in high demand.

In the present work, a near-infrared (NIR) fluorescent probe
(DDAA) was designed on the basis of 7-hydroxy-9H-(1,3-dichloro-
9,9-dimethylacridin-2-one (DDAO) and recognition group alanine
by the linkage of p-aminophenethyl alcohol. As a well-known NIR
fluorophore, DDAO displayed favorable intramolecular charge
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Illustration for the enzymatic hydrolysis of DDAAmediated by APN. (b) Absorbance of DDAA and DDAO. (c) Fluorescence spectra of DDAA and DDAO (lex 600 nm).
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transfer (ICT) property for probe design, deduced from the
phenolic group for turning the electrondonating capability
[21,35–38]. Therefore, the DDAO derivatives showed distinct
fluorescence signal by removing the substituted group. The
fluorescent probe DDAA was not only used for APN activity assay,
but also guided the identification of intestinal microorganismwith
active APN. As a result, two bacteria strains and one fungus strain
were obtained as the target microorganism from human feces,
which should be involved in peptide metabolism in human gut.

Aminopeptidase N displayed hydrolase activity for the hydro-
lysis of peptide, with alanine as the key active amino acid. On the
basis of the hydrolase activity of APN, alanine was attached to the
NIR fluorophore DDAO by the linkage of p-aminophenethyl
alcohol. With alanine as the recognition site, the designed
fluorescent probe DDAA could be hydrolyzed by APN, and then
spontaneously yielded NIR fluorophore DDAO (Fig. 1a). Addition-
ally, HPLC-DAD has been performed to analyze APN enzymatic
solution. With DDAA and DDAO as the references, DDAO was
observed in enzymatic solution, which confirmed the hydrolysis of
DDAAmediated by APN (Fig. S1 in Supporting information). As can
be seen in Figs. 1b and c, due to the mechanism of intramolecular
charge transfer, DDAA and DDAO are significantly different in
absorption and fluorescence spectra. Thus, DDAA can be used as a
[(Fig._2)TD$FIG]

Fig. 2. (a) Fluorescence response of DDAA toward APN with different concentrations
concentrations. (c) Interference of various species on the fluorescence intensity of APN (1
13. Mg2+, 14. Ni2+, 15. Zn2+, 16. Sn4+, 17. Cu2+, 18. Fe3+, 19. Ba2+, 20. Cr6+, 21. PGP-1, 22. H
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NIR fluorescent probe for the activity detection of endogenous
APN.

The fluorescence response of DDAA toward APN at different
concentrations (0–100mg/mL) was investigated, with the obser-
vation of a sequence of fluorescence spectra (Fig. 2a). A good linear
relationship (R2 = 0.9903) was obtained between the fluorescence
intensity at 660 nmandAPN concentrations (Fig. 2b). Furthermore,
the interferences of various species on the fluorescence intensity of
DDAA have been investigated in presence of amino acids, metal
ions, and biological enzymes. Compared with the APN, weak
fluorescence intensity was detected for the co-incubations
between DDAA and various species, which indicated good
substrate specificity of DDAA toward APN (Fig. 2c). The fluores-
cence properties of DDAA and DDAO in PBS with different pH
values were also evaluated, which suggested the fluorescence
stability in PBS ranged from pH 6.0 to 9.0 (Fig. S2 in Supporting
information). The enzymatic hydrolysis of DDAA by APN also
suggested the optimal pH as 7.4 (Fig. S3 in Supporting informa-
tion). Along with the good substrate specificity and stability, DDAA
was expected to be a NIR fluorescent probe for APN activity
determination.

As above mentioned, bacteria from the human gut possessing
bioactive APN played a key role in the peptide metabolism. The
(0–100mg/mL). (b) Linear relationship between fluorescence intensity and APN
. Ser, 2. Trp, 3. Tyr, 4. Glu, 5. Gly, 6. Arg, 7. Cys, 8. Lys, 9. Gln,10. GSH,11. Mn2+,12. Ca2+,
SA, 23. BSA, 24. CES1c, 25. CES1b, 26. CES-2, 27. Lipase, 28. CYP3A4).
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Fig. 3. (a) Identification of intestinal bacteria with active APN from human feces
stained by DDAA. Fluorescence imaging of (b) A-1 (E. coli strain Y8-2) and (c) A-2
(Shigella sp. CH-31) on agar plate together with flow cytometric analysis.
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Fig. 4. Confocal fluorescence images of bacteria A-1 (E. coli Y8-2) and A-2 (Shigella
sp. CH-31) co-incubated with DDAA (50mmol/L, lex 633/lem 645–690 nm, scale
bar: 10mm).
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identification and isolation of target bacteria desired an efficient
detected method. DDAA as a NIR fluorescent probe of APN was
applied to guide the identification of intestinal bacteriawith active
APN. Human feces were distributed in saline and cultured in
nutrient brothmedium on agar plates.When the bacterial colonies
were observed on the plates, DDAA was subjected on the colonies
for a co-incubation of 4 h. Scanned by fluorescence imager, strong
fluorescence signal was displayed for some bacterial colonies,
whichwere picked for further purification (Fig. 3a). As a result, two
bacteria were purified and identified to be Escherichia coli strain
Y8-2 (A-1) and Shigella sp. CH-31 (A-2) by 16s rDNA sequence.
Similarly, APN from Escherichia coli has been crystallized, which
was determined to be a broad specificity zinc exopeptidase
belonging to aminopeptidase clan MA, family M1 [39,40]. Using
DDAA as the staining, bacterial colonies (A-1, A-2) on agar plates
were imaged successfully, indicated the protein expression of APN
in these bacteria. Furthermore, flow cytometric analysis was also
performed for the bacterial cells stained by DDAA, confirmed the
bioapplications of DDAA (Figs. 3b and c). Then confocal laser
microscope has been used to record the fluorescence images.
When the endogenous APN was sensed by DDAA, the exact
fluorescence images were performed for isolated bacterial cell, in
comparison with the blank group (Fig. 4). To study the APN
dependence of DDAA for bacteria imaging, two control bacteria
strains Staphylococcus aureus ssp aureus DSM 20231 T (N-1) and
Staphylococcus aureus ssp aureus DSM 3463 (N-2) were cultured
and stained by DDAA. As a result, no fluorescence signal was
observed from agar plates, flow cytometric analysis, and laser
confocal microscope (Figs. S4–S7 in Supporting information). Thus,
DDAA as a NIR fluorescent probe has been applied to sense
endogenous bacterial APN successfully. Additionally, using DDAA
as a molecular tool, the target bacteria with active APN could be
identified efficiently frommix sample, which was expected to be a
useful method for investing the intestinal bacteria.

As known that plenty of fungi also existed in gut, APN existed in
various intestinal fungi have attracted our interesting. The
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microbiota from human feces was cultured on martin broth
modified medium (MTB) in the presence of antibiotics (penicillin/
streptomycin). After the culture of 3 days, various saccharomyces
was observed on the agar plate, which was stained by DDAA along
with the co-incubation of 4 h. Scanned by fluorescence imager,
strongfluorescence signal was recorded for several colonies, which
guided the purification of target fungi (Fig. 5a). Finally, one strain of
saccharomycete was isolated and identified as Trichosporon
asteroids (F-1) by 18s rDNA sequence from these fluorescence
colonies. For the isolated T. asteroids (F-1), DDAA was applied for
the sensing of endogenous APN and imaging of fungi cells. Under
fluorescence imager, strong fluorescence signal was observed for
fungi colonies on agar plate (Fig. 5b). Confocal fluorescence
imaging of fungi cells also showed fluorescence signal (Fig. 5c and
Fig. S8 in Supporting information), then the staining ability of
DDAA for fungi F-1 was evaluated by flow cytometric analysis
(Fig. 5d), which confirmed the fluorescence of fungi cells in
presence of DDAO. On the other hand, a negative saccharomycete
strain Pichia occidentalis (NF-1) was cultured and co-incubated
with DDAA. As a result, no fluorescence signals were recorded for P.
occidentalis in presence of DDAA by fluorescence imager, laser
confocal microscope, and flow cytometric analysis (Figs. S9–S11 in
Supporting information). Above all, DDAA could be used to sense
endogenous APN in fungi, which effectively guided the identifica-
tion of target fungus with active APN from complex sample
successfully.

APN as an endogenous hydrolase exists in microorganism,
besides of generally known mammals. The intestinal microorgan-
ismwith active APN plays a key role for the peptidemetabolism, as
well as the intracellular peptide turnover. In the present work,
DDAAwith alanine as the recognitionmoiety for APNwas designed
as a NIR fluorescent probe for APN sensing. Using DDAA, the
endogenous APN could be sensed and microorganism could be
imaged, which guide the identification of target intestinal
microorganism from human feces. Finally, two strains of bacteria
(E. coli strain Y8-2 and Shigella sp. CH-31) and one strain of
saccharomycete (T. asteroids) were isolated and identified success-
fully, which were also imaged by DDAA to confirm the biological
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Fig. 5. (a) Identification of intestinal fungi with active APN from human feces stained by DDAA. (b) Fluorescence imaging of fungus F-1 (T. asteroids) on agar plate together (c)
confocal fluorescence images and (d) flow cytometric analysis of F-1 co-incubated with DDAA.
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activity of APN. Thus, the present fluorescent probe of APN as a
molecular tool is applied to find the positive gutmicroorganism for
further investigation about intestinal peptide metabolism and
intracellular peptide turnover of human gut microbiota.
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