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ABSTRACT: Leucine aminopeptidase (LAP) is a hydrolase for the
hydrolysis of peptides or proteins containing a leucine residue at the
N-terminal. It is also known to be a key virulence factor for the
pathogenic abilities of various pathogens causing infectious diseases,
which indicated a new insight into the diagnosis and therapy of
pathogenic infections. A new fluorescent probe (S)-2-amino-N-(4-
(((6,8-dichloro-9,9-dimethyl-7-0x0-7,9-dihydroacridin-2-yl) oxy)-
methyl)phenyl)-4-methylpentanamide (DDBL) containing DDAO as
the fluorophore and leucine as the recognition group was developed
for LAP. By real-time visual sensing of LAP, six bacteria with LAP
expression were identified efficiently from human feces, as well as by
sensitive visual analysis using native-PAGE specially stained with
DDBL. Furthermore, a high throughput screening system established
with DDBL was applied to identify a natural inhibitor (3-acetyl-11-keto-f-boswellic acid, AKBA), which could attenuate mouse
sepsis induced by Staphylococcus aureus. Therefore, the visual sensing of LAP by DDBL suggested the application for target bacteria
identification and LAP homolog analysis as well as potential inhibitor expounding for treatment of bacterial infections.
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Leucine aminopeptidase (LAP EC 3.4.11.1), known as an
important exopeptidase, specially hydrolyzes the leucine
residue from the N-terminal of proteins or peptides.’ Widely
existing in different organisms, LAP is revealed to participate in
various biological, physiological, and pathological processes.”™*
In contrast to the expression in cancer cells or tissues of
mammals, high homology LAPs were obtained from Gram-
negative or -positive bacteria as well as functional gene
sequencing,s_14 such as Escherichia coli, Aeromonas proteolytica,
Streptomyces lividans, Pseudomonas aeruginosa, Bacillus sp. N2,
and marine Pseudomonas. As now bacterial LAP as an
important virulence factor has been found the association
with the formation of bacterial biofilm and the pathogenicity of
pathogens, which induce acute or chronic diseases.>™""
Among the various pathogenic bacteria, S. aureus is a
strongly virulent pathogen capable of causing plenty of
infectious diseases in hospitals and communities, leading to
more fatalities than HIV/AIDS. More importantly, the
continued emergence of highly pathogenic methicillin-resistant
S. aureus bacteria is becoming a major public health concern in
the world.'”*° LAP located in the cytosol was identified to be
the key virulence factor, is required for the survival of S. aureus
inside human macrophages, and strongly affected the
pathogenic abilities of S. aureus.”' Above all, LAP as the key
virulence factor of pathogenic bacteria gave a new insight for
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the diagnosis and treatment of infectious diseases caused by
pathogens. Thus, a sensitive and selective analysis method for
visually tracing and identifying bacterial LAP and even
screening potential inhibitors is highly in demand.

For the activity assay of biological enzymes, fluorescent
probes are recently developed powerful tools for the visual
detection of functional proteins, with characteristics of
ultrasensitivity, high spatiotemporal resolution, and simplicity
in operation.”” " Until now, various fluorescent probes have
been developed for monitoring LAP in mammalian living
samples, such as living cells, tumor tissues, a xenograft tumor
mice model, and a zebrafish model.>'~*' However, no
biosensor was developed for bacterial LAP analysis and
detection and even for the application for antibacterials.

In our study, a new fluorescent probe (S)-2-amino-N-(4-
(((6,8-dichloro-9,9-dimethyl-7-oxo0-7,9-dihydroacridin-2-yl)-
oxy)methyl)phenyl)-4-methylpentanamide (DDBL) is devel-
oped for the visual detection of bacterial LAP, which is
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composed of a near-infrared (NIR) fluorophore 7-hydroxy-9H-
(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO) as the
reporter and L-leucine as the triggered moieties. Using
DDBL, the activity of LAP was assayed sensitively, and the
identification of the bacteria from fecal samples and discovery
of potential inhibitors by a high-throughput screening
technique were performed, displaying the potential application
for the treatment of S. aureus infection.

B RESULTS AND DISCUSSION

DDBL as a NIR Fluorescent Probe for LAP. LAP is
known for its protease activity, removing the L-leucine moiety
from the N-terminal of various peptides and proteins by the
hydrolysis of amide bonds. By simulating the biochemical
reaction, a fluorescent molecule was developed as the special
biosensor of LAP, which was composed of a NIR fluorophore
DDAO and leucine linked byp-aminophenethyl alcohol. Using
L-leucine moieties as the recognition group, DDBL can be
hydrolyzed by LAP, yielding DDAO as the fluorophore (Figure
1a). The distinct absorbance spectra of DDBL and DDAO
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Figure 1. (a) Illustration of the enzymatic hydrolysis of DDBL
mediated by LAP. (b) Interaction format of DDBL bounded in LAP.
(c) Important roles of key residues in the interaction between DDBL
and LAP.

displayed a large red shift, and a strong fluorescence intensity
was observed for DDAO at 660 nm, compared to the absence
of fluorescence of DDBL (Figure S1). In addition, HPLC has
been applied to detect DDAO in the enzymatic solution
containing DDBL and LAP, which confirmed the yield of
DDAO (Figure S2). In silico docking has been performed to
simulate the interactions between DDBL and LAP (Figure 1b),
which revealed the existence of non-polar interactions (purple
spheres) and hydrogen bonds (cyan sticks, yellow line). On the
basis of detailed energy decomposition, key residues playing
important roles in the interaction format for DDBL bounded
in LAP also have been indicated, as shown in Figure lc. Thus,
DDBL shows promise as a suitable substrate of LAP as well as
an excellent NIR fluorescent biosensor.

Fluorescence Behavior of DDBL toward LAP. The
hydrolysis of DDBL by LAP in a series concentration was
carried out, resulting in sequential fluorescence curves that
correlated with LAP concentrations (Figure 2c). Furthermore,
a good linear relationship was observed between the
fluorescence intensities (4., of 660 nm) and LAP concen-
trations, indicating the application for quantitative LAP activity
assay with a limit of detection (LOD) of 0.0002 U/mL (36/k)
(Figure 2b). In addition, the substrate specificity of DDBL
toward LAP was investigated in the presence of different
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Figure 2. (a) Fluorescence response of DDBL toward LAP with
different concentrations. (b) Linear relationship between fluorescence
intensity and LAP concentrations. (c) Fluorescence response of
DDBL toward various functional enzymes. (d) Kinetics of the
hydrolysis of DDBL mediated by LAP.

biological enzymes. As shown in Figure 2¢, DDBL could be
hydrolyzed by LAP selectively. In addition, the kinetics has
been characterized as the Hill kinetics model, with K, = 2.485
+ 0.3 uM and V,,, = 17.01 + 0.05 nmol/min/mg (Figure 2d).
Furthermore, interferences about various factors (amino acids,
ions, pH value, temperature, etc.) on the fluorescence intensity
of DDBL and the enzymatic hydrolysis in the presence of LAP
have been evaluated (Figures S4—S7). Above all, DDBL has
been developed to be a fluorescent biosensor of LAP by full
validation.

Identification of Intestinal Bacteria with LAP Ex-
pression. It is well known that intestinal microbiota plays
important roles in the health and disease of hosts. LAP
secreted by intestinal bacteria participates in the metabolism of
exogenous/endogenous peptides or proteins and is involved in
the metabolic process of bacteria or hosts. In addition, LAP is
associated with the pathogenicity of intestinal bacteria,
inducing infections in the digestive organs and lung and even
bacteremia. Thus, using the developed fluorescent molecule,
the expression of LAP in intestinal bacteria is expected to be
explored in our study.

Fresh stool samples from healthy humans were applied for
cultivation of intestinal bacteria. When the bacterial colonies
were observed on agar plates, DDBL was dropped for a co-
incubation and detection of endogenous LAP. Under a
fluorescence imager, colonies with strong fluorescence signals
indicated expression of active LAP, which were picked for
purification (Figure 3a). In combination with 185 rRNA gene
sequencing, six target bacteria strains were identified as
Enterobacter hormaechei subsp (1), Escherichia fergusonii
ATCC 35469 (2), Shigella flexneri strain ATCC 29903 (3),
Klebsiella variicola strain F2R9 (4), Raoultella planticola strain
NBRC 14939 (5), and Pluralibacter gergoviae ATCC 33028 (6)
(Figure 3b). The hydrolysis of DDBL along with the
production of DDAO mediated by LAP in the K. variicola
bacteria strain F2R9 was detected using HPLC (Figure S8). In
addition, the expressions of LAP in these cultivated bacterial
strains were also confirmed by RT-PCR (Figure 3c).
Obviously, under the guidance of visual sensing of endogenous
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Figure 3. Visual sensing of endogenous LAP in bacteria. (a)
Cultivation and identification of intestinal bacteria with active LAP.
(b) Fluorescence imaging of six isolated intestinal bacteria, ie., E.
hormaechei subsp. (1), E. fergusonii ATCC 35469 (2), S. flexneri strain
ATCC 29903 (3), K. variicola strain F2R9 (4), R. planticola strain
NBRC 14939 (5), and P. gergoviae ATCC 33028 (6). (c) RT-PCR for
LAP expression in the six isolated bacteria strains. (d) Visual analysis
of recombined LAP on native-PAGE stained by DDBL. (e) Visual
analysis of active LAP from lysates of the six bacteria on native-PAGE
stained by DDBL.

LAP by DDBL, target bacteria with active LAP can be
identified successfully from human feces.

To obtain a more intuitive analysis of active LAP, a native-
PAGE stained by DDBL was developed. As shown in Figure
3d, a series of active recombined LAP at different
concentrations were analyzed on native-PAGE, which dis-
played fluorescence bands stained by DDBL. A good linear
relationship was observed between the fluorescence intensity
and LAP concentrations of these fluorescence bands. However,
no band showed on the gel stained with silver or Coomassie
blue (Figure S9). Therefore, stained with DDBL, the native-
PAGE was used as a sensitive and selective analysis technique
for active LAP. Additionally, lysates of the six isolated intestinal
bacteria were analyzed by the developed native-PAGE using
DDBL as the special sensor (Figure 3e and Figure S10). It was
obvious that similar fluorescence bands were displayed
corresponding to the individual bacterial lysate. Similar
electrophoretic distances indicated the high homology of
these LAPs, which were also confirmed by amino acid
sequence comparison (Figure S11). Above all, using DDBL
as the sensitive special stain, active LAP from functional
bacteria can be visually analyzed on the native-PAGE.

Preparation of LAP Inhibitors Using High-Through-
put Screening System Established by DDBL. LAP as the
key virulence factor of pathogenic bacteria was suggested as a
novel target for the prevention and treatment of bacterial

infection. Potential inhibitors of LAP showed promise in the
clinical usage for pathogenic bacteria-associated disease. In our
study, on the basis of the fluorescent biosensor, a high-
throughput screening system for the activity of LAP has been
established, which was applied for the inhibitor screening. A
total of 54 herb medicines have been evaluated for their
inhibitory effects against LAP, indicating the significant
inhibitory effects of olibanum (8) and R. officinalis (54)
(Figure 4b and Figure S12). Then, the major active
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Figure 4. Preparation of LAP inhibitors from olibanum. (a)
Ilustration for inhibitor identification using the high-throughput
screening system. (b) Inhibitory effects of 54 herb medicines on LAP.
(c) Identification of LAP inhibitors from olibanum. (1) HPLC
chromatogram of olibanum and preparative fractions. (2) Inhibitory
effects of fractions on LAP. (3) Inhibitory activity of AKBA on LAP.
(4) Inhibitory kinetics of AKBA on LAP. (S) Overview of the
simulated interactions between AKBA and LAP. (6) Key residues and
major interactions.

constituents were designed to be identified from olibanum
and R. officinalis, respectively. The extract of olibanum was
separated into nine fractions by preparative HPLC, which were
evaluated for their inhibitory effects on LAP (Figure 4c). For
fraction 3 with the strongest inhibitory activity, the chemical
constituent was determined to be 3-acetyl-11-keto-S-boswellic
acid (AKBA) as a triterpenoid by further purification and
spectroscopic data. AKBA inhibited the hydrolase activity of
LAP significantly (ICs, of 1.38 & 0.27 uM), displaying mixed
inhibition kinetics (K; 2.44 + 0.11 uM) (Figure S13). The
inhibitory mechanism was investigated by the simulated
interactions between AKBA and LAP, which showed mostly
non-polar interactions (purple spheres). A stable hydrogen
bond formed between AKBA and the Glu286 residue (Figure
4c).

Similarly, two diterpenoids carnosol and carnosic acids were
identified as LAP inhibitors from the chromatographic
fractions 7 and 8 of R. officinalis, respectively (Figure S14).
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Both natural compounds could inhibit the hydrolase activity of
LAP moderately, with an ICg, of 5.98 + 0.2 and 15.52 + 2.59
uM. Furthermore, interactions between two inhibitors and
LAP were also simulated, exhibiting the key residues to be ASP
349 and GLU286 toward carnosol and carnosic acids,
respectively.

Inhibitory Effects of the Screened Inhibitors Against
the Pathogenicity of S. aureus. S. aureus is a virulent
pathogen capable of causing plenty of infectious diseases, with
LAP as the key virulence factor. Using DDBL as the
fluorescent probe, S. aureus LAP was sensed and a strong
fluorescence signal was observed for S. aureus under a confocal
laser scanning microscope (Figure S). On the other hand, a
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(d)

Figure S. Fluorescence imaging of S. aureus by sensing of endogenous
LAP using DDBL. (a) Blank group. (b) S. aureus co-incubated with
DDBL. (c) S. aureus co-incubated with DDBL in the presence of
AKBA. (d) S. aureus co-incubated with DDBL in the presence of
carnosic acid. (Scale bars are 10 gm. A, = 633 nm and 4,,,, = 645—690
nm).

weak fluorescence signal was displayed by S. aureus with co-
incubation of DDBL and LAP inhibitors AKBA and carnosic
acid. Thus, active endogenous LAP was confirmed for S.
aureus, together with special sensing of LAP by DDBL and
potential inhibitory effects of AKBA and carnosic acid.
AKBA and carnosic acid (CAA) as the screened LAP
inhibitors showed promising inhibitory effects against the
pathogenicity of S. aureus and attenuating effects against
infection of mice induced by S. aureus. In the present work, S.
aureus was applied to infect RAW 264.7 murine macrophage
cells. AKBA (25 uM) and CAA (50 uM) were used to inhibit
endogenous LAP in the infection process at a concentration
where there is no interference in the proliferation of S. aureus

(Figures S16 and S17). After the infection by S. aureus, the
loading amount of S. aureus and inflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a)
in RAW 264.7 cells were evaluated. As shown in Figure 6a,
fewer S. aureus were cultured from the AKBA-treated group,
along with fewer IL-6 and TNF-a, indicating the significant
inhibitory effects of AKBA against the pathogenicity of S.
aureus for the infection of RAW264.7 cells. Similarly, CAA also
displayed interference in RAW264.7 infection by S. aureus,
which is weaker than AKBA.

In addition, mouse sepsis induced by S. aureus has been used
to evaluate the attenuating effects of AKBA. After pre-
incubation by AKBA, S. aureus was applied to infect mice by
intraperitoneal injection. In view of this, sepsis symptoms have
been observed for the model group infected with untreated S.
aureus in comparison with the vehicle group. The attenuating
effects of AKBA have been evaluated completely. After the
infection, death has been observed in different groups within
24 h, and the survival rates were determined as 100% (Veh.),
91.7% (AKBA), and 41.7% (model). As shown in Figure 7a,
sepsis mice were listless with disordered hair compared with
the vehicle group. However, mice infected with AKBA-treated
S. aureus displayed a better healthy state. The survival mice
were evaluated for their sepsis by loaded bacteria count,
inflammatory cytokines, and histology. First, a lower bacteria
count was determined for various organs and tissues (heart,
lung, liver, kidney, spleen, kidney, belly, and blood) from mice
of the AKBA group in comparison with the model group
(Figure 7b). Additionally, blood culture agar plates with
bacterial colonies were stained with DDBL displaying strong
fluorescence intensity, which was convenient for bacteria
counting (Figure 7c). It was obvious that fewer fluorescence
bacteria colonies existed on the agar plate of the AKBA group.
Then, a weaker inflammatory response was observed for mice
infected with AKBA-treated S. aureus on the basis of IL-6,
TNF-a, and IFN-y assays in the plasma, heart, lung, and liver
(Figure 7d—g). Furthermore, distinct histology of the mice
heart, lung, liver, and kidney was also observed between the
AKBA group and model group. Therefore, S. aureus treated
with AKBA displayed weak pathogenicity for infectious
diseases (sepsis, etc.). AKBA and even the natural medicine
olibanum as the inhibitor of LAP showed a new insight into
the therapy of bacterial infectious diseases.

B CONCLUSIONS

LAP is a key virulence factor of the pathogenicity of bacteria
causing various infectious diseases. The real-time analysis of
bacterial LAP together with inhibitor development is in
demand for the diagnosis and therapy of bacterial infections.
Using a NIR fluorophore DDAO, a new fluorescent probe
DDBL was developed for visual real-time sensing of LAP.
Intestinal bacteria possessing active LAP can be specially
identified from a mix sample, and individual LAP can be
visually analyzed on native-PAGE based on the visual sensing
of LAP by DDBL. In addition, a high-throughput screening
system was established by DDBL for the inhibitor screening.
As a result, natural inhibitors were prepared efficiently, among
which AKBA as a potential LAP inhibitor could attenuate
mouse sepsis induced by S. aureus.
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Figure 6. Infection of murine RAW 264.7. Interference of LAP inhibitors on RAW 264.7 macrophage cell infection by S. aureus. (a) Illustration for
the infection. Antibacterial effects of AKBA (b) and CAA (c). Each bar represents mean + SD. Student’s ¢ test, ***#P < 0.0001, compared with
those of S. aureus-treated cells.
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Figure 7. Attenuating effects of AKBA against mouse sepsis induced by S. aureus. (a) Phenotype of mice. (b) Bacterial infection of various organs
from experimental mice. (c) Images of blood culture agar plates stained with DDBL. Inflammatory evaluation of plasma (d), heart (e), lung (f), and
liver (g). Veh. n = 6, model n = S, and AKBA n = 7. Each bar represents mean + SD. Student’s ¢ test, **P < 0.01 and ****P < 0.0001, compared
with those of S. aureus-treated mice.
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