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The Pomacea canaliculata, also known as apple snail, is an invasive species in China, posing a serious threat to agricultural
production and public health. To prevent its rampant infestation, we developed a highly efficient snail-killing lead compound, 1-
(4-chlorophenyl)-3-(pyridin-3-yl)urea (PBQ). However, the killing mechanism of PBQ remains unclear. To elucidate this, two
novel compounds, B-PBQ and J-PBQ, were developed through structural modification of PBQ and were used, through both
protein pull-down assay and confocal laser scanning microscopy imaging, to identify and confirm that phosphofructokinase
(PFK) in the apple snail is the primary target protein of PBQ. Further studies revealed that PBQ successfully inhibits the activity,
content, and expression of PFK in apple snail, disrupting the glycolysis pathway and leading to abnormal energy production.
These disruptions impair the snail’s tolerance to low oxygen, resulting in its efficient eradication. These findings offer a
promising direction for developing next-generation PFK-targeted snail-killing pesticides. Furthermore, the strategy of com-
bining pull-down assays with optical imaging used in this work provides a novel approach for the exploration of mechanisms of
other pesticide candidates.
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1 Introduction culata) poses a threat to global food security and affects the
agricultural ecological environment by reducing the quality
As an invasive species, Pomacea canaliculata (P. canali- of water in which it resides and damaging local freshwater

organisms [1,2]. Additionally, P. canaliculata is the inter-
mediate host of Angiostrongylus cantonensis [3], also known
{Equally contributed to this work. o as the rat lung nematode, which is a parasitic nematode
*Corresponding authors (email: lisz@chinacdc.cn; duanlp@nipd.chinacde.cn; K X . S
yingzhou@ynu.edu.cn) causing eosinophilic meningitis in humans [4]. Thus, P.
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canaliculata poses a major threat to environmental safety,
agriculture, and human health. Although physical and bio-
logical control are worthwhile prevention measures of P.
canaliculata invasion, chemical control remains the most
effective measure [5].

Over recent decades, molluscicides have been commonly
used as snail control strategies by governments and public
health agencies [6]. To date, the niclosamide is the most
widely used chemical and is also the only molluscicide re-
commended by the WHO [7]. However, niclosamide is
highly toxic to non-target aquatic organisms within snail
habitats, especially fish, which greatly limits its acceptability
in some circumstances [8,9]. Metaldehyde is also a widely
used and highly effective molluscicide but it also poses risks
of high toxicity to non-target organisms [10]. Alternative
molluscicides that are safer and more specific would be
beneficial in the fight against snails and their related parasitic
diseases.

Our previous studies have identified a novel en-
vironmentally friendly molluscicide 1-(4-chlorophenyl)-3-
(pyridin-3-yl) urea (PBQ); also known as PPU06) with ex-
cellent snail-targeting specificity (Scheme 1A). PBQ ex-
hibited strong molluscicidal potency against P. canaliculata,
Oncomelania hupensis, and Biomphalaria straminea, the
snail hosts of A. cantonensis, Schistosoma japonicum and
Schistosoma mansoni [11-13]. PBQ also showed a good
safety profile in mammals and non-target species, including
Danio rerio, Daphnia magna, Neocaridina denticulata,
Eriocheir sinensis, and Apis mellifera L [11,14]. Application
of PBQ in fields is considered a feasible and environmentally
friendly strategy to reduce populations of snail hosts in en-
demic areas [11,14]. However, despite the above encoura-
ging findings, the molecular mechanism of the lethal
molluscicidal action of PBQ has not yet been elucidated.

Using biotin and fluorophore-modifying drugs is an ef-
fective means to study drug mechanism of action [15,16]. In
2015, Wang et al. [17] used biotin to modify artemisinin
derivatives and highlighted 124 artemisinin covalent-binding
protein targets. Additionally, using fluorescent dye binding,
heme was shown to be responsible for artemisinin activation,
providing evidence of the mechanism by which artemisinin
kills parasites. Similarly, to investigate the mechanism of
action of chloroquine, Gao et al. [18] developed a new
clickable, photoaffinity chloroquine simulation probe that
retains its antimalarial activity. Using this probe, they iden-
tified 40 proteins that could be possible antimalarial targets
of chloroquine, and found that chloroquine disrupts glyco-
lysis and energy metabolism in malaria parasites by directly
binding to a number of key enzymes.

Fluorescence analysis is a simple, fast, and efficient
technique that enables the intuitive detection of targets in
biological samples by using fluorescent probes [19-28]. Our
research group [29] has long worked on the development of
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fluorescent small-molecule probes and recently reported on a
probe termed L40D, which can detect cytochrome P450
reductase and imaging in tumor cells and mouse tumors. In
2021, we developed a near-infrared fluorescent probe,
termed Niap, capable of identifying alkaline phosphatase.
Using Niap, we found that PBQ mainly stimulated increased
alkaline phosphatase in the liver of the snail and had less
influence in the foot and stomach, providing optical evidence
of the effect of PBQ on the snail and suggesting that the liver
of the snail may be the target of drug action [30].

Herein, we use a combination of chemical proteomics,
enzymatic assays, fluorescent probing, and in silico docking
approaches to identify target proteins of PBQ and gain in-
sights into molluscicidal mechanism of action in P. canali-
culata (Scheme 1B). Our data demonstrated that 6-
phosphofructokinase (PFK) is the active target of PBQ and
predominantly responsible for snail killing (Scheme 1C). In
addition, difference in the phylogenetics and protein se-
quence of PKF homologues confers the high efficacy of PBQ
against the snails while the minimum side effects towards
nontarget species. Overall, this work elucidates the me-
chanism and specificity of PBQ in snail killing and has im-
plications for the design and development of novel and better
alternative molluscicides against infectious disease snail
hosts.

2 Results and discussion

2.1 Successful preparation and activity testing of the
two modified molecules

To identify the target proteins of PBQ, two small molecules
were prepared: biotin-conjugated PBQ (B-PBQ), aimed at
capturing PBQ-binding proteins using magnetic beads, and
fluorescence-modified PBQ (J-PBQ), aimed at confirming
the distribution of PBQ in snails through in situ imaging. The
successful preparation of B-PBQ (Figures S1-S3 Supporting
Information online) and J-PBQ (Figures S4-S6) was con-
firmed by 'H nuclear magnetic resonance (NMR), BC NMR,
and high-resolution mass spectrometry (MS). Initially, the
molluscicidal efficacy of different concentrations of B-PBQ
(2, 4, and 6 mg/L) and J-PBQ (2.5, 5, and 10 mg/L) were
tested at different time points (24, 48, and 72 h) (Table S1
Supporting Information online). With increasing time and
compound concentration, the mortality rate of snails in-
creased, reaching 41% for 6 mg/L B-PBQ and 86% for
10 mg/L J-PBQ within 72 h, suggesting that both probe
molecules can effectively kill snails and exhibit time and
concentration dependence. Despite a minor reduction in
molluscicidal efficiency of the two modified probe mole-
cules compared to PBQ, the modifications did not disrupt the
active site (pyridine ring) responsible for molluscicidal ac-
tivity and can be used for further testing to identify target
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proteins. Furthermore, after 72 h of exposure, the cytotoxi-
city of the two probes and PBQ on human normal liver (L02)
cells for all three compounds was very low, with cell viability
mostly above 90% (Figure S7). Specifically, only PBQ at a
concentration of 40 uM exhibited relatively lower cell via-
bility, approximately 60%, but this concentration is much
higher than its effective molluscicidal concentration (1 mg/L
~ 4 uM), indicating that PBQ and the two probes have low
cytotoxicity on L02 cells, demonstrating good biosafety.

2.2 Chemical proteomic profiling and bioinformatics
analysis reveal the candidate targets of PBQ

To capture the primary protein targets of PBQ in P. canali-
culata snails, an integrated screening strategy combining
chemical proteomic profiling and bioinformatics analysis
was developed. First, B-PBQ was synthesized as a chemical
probe for snail cellular lysate pull-down assay (Figure 1A).
Soft tissue lysates of P. canaliculata snail were incubated
with B-PBQ, followed by pulling-down with streptavidin-
coated magnetic beads. A series of possible PBQ-interacting
proteins were demonstrated by silver staining (Figure 1B)
together with MS. The proteins specifically interacting with
PBQ (» = 310) and the differentially expressed proteins [31]
(DEPs, n = 218) that were significantly upregulated or
downregulated in PBQ-treated P. canaliculata snails were
overlapped, identifying an overlap of 19 proteins (Figure 1C

and Table S2). Gene ontology enrichment analysis of the 19
proteins showed that the fructose-6-phosphate metabolic
process was enriched (Figure 1D), in which PFK plays a key
role. As PFK was also identified as a significantly down-
regulated gene in a previous transcriptomic differential
analysis [11], PFK was chosen as the study target.

2.3 PBQ engages PFK in a liver cellular context

To further verify that PFK is a target protein of PBQ, a newly
designed cyanobiphenyl fluorophore was conjugated to PBQ
with a formylpiperazine linker to generate the fluorescent
probe J-PBQ (Figure 2A). The fluorescence properties of J-
PBQ were analyzed through molecular calculations, fluor-
escence spectroscopy, quantum yield, and fluorescence
lifetime experiments. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
were calculated to be —5.23 and —1.45 eV (Figure 2B). Upon
excitation at 336 nm, J-PBQ exhibited strong blue fluores-
cence at 466 nm with a quantum yield of 55.5% (Figure 2C
and Figure S8) and a fluorescence lifetime of 1.076 ns
(Figure S9), confirmed in solution. In ultraviolet (UV), J-
PBQ retained the characteristic peaks of PBQ and exhibited
new peaks (Figure 2D), confirming the success of the
modification. Additionally, the fluorescence intensity of J-
PBQ at 466 nm showed little variation, regardless of en-
vironmental pH or time lapse (Figure 2E). These results
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Figure 1 (Color online) (A) Protein pull-down assay protocol used in this work. (B) Silver staining results of pull-down proteins. (C) The overlap between
the proteins specifically interacting with PBQ and the differentially expressed proteins. (D) Interaction network diagram of the 19 proteins reveals enrichment

in the fructose-6-phosphate metabolic process.

demonstrate that the probe J-PBQ possesses excellent
fluorescence performance. Thus, J-PBQ possesses excellent
fluorescence performance. Given the effective molluscicidal
efficacy and biological safety demonstrated by J-PBQ as
described above, J-PBQ is suitable for in vivo distribution
and fluorescence colocalization experiments. Drug distribu-
tion was visually examined using ex vivo fluorescence ima-
ging of the major organs of P. canaliculata, showing that the
molluscicide J-PBQ was mostly distributed and enriched in
the liver compared to the intestine, foot, and stomach (Fig-
ures S10 and S11). Confocal laser scanning microscopy
(CLSM) revealed that the J-PBQ (blue fluorescence) colo-
calized with PFK (green fluorescence) in the liver cellular
context (Figure 2F), indicating that PFK is the target protein
of J-PBQ. Additionally, based on molecular docking studies
(Figure 2G and Figure S12), we propose that J-PBQ docks
effectively into the natural hydrophobic pocket of PFK with
a binding energy of —10.22 kcal/mol. This docking appears
thermodynamically favored, which further supports the
conclusion that PFK is the target protein of J-PBQ.

Thus, by using B-PBQ for protein pull-down assays and J-

PBQ for CLSM imaging, we have, for the first time, iden-
tified and confirmed that PFK is the primary target protein of
PBQ in P. canaliculata.

2.4 PBQ inhibits PFK catalytic activity and decreases
PFK protein expression

Enzyme activity and content tests were conducted on liver
tissue homogenate supernatant of P. canaliculata in different
treatment groups using commercial assay kits. The PFK
enzyme activities in the different treatment groups (Control
-24h, PBQ-0.5mg/L-24h, PBQ-1mg/L-24h, PBQ
-2 mg/L-24 h, Control-72 h, and PBQ-1 mg/L-72 h) were
0.209 £ 0.023, 0.179 £ 0.035, 0.071 + 0.023, 0.026 + 0.032,
0.129 + 0.023, and 0.019 + 0.011 U/gprot, respectively
(Figure 3A), whereas the PFK contents for the respective
treatment groups were 6.066 + 0.810, 5.158 = 0.305,
3228 + 0.370, 2.047 + 0.456, 4.629 + 0.252, and
1.133 £ 0.091 ng/mL (Figure 3B). In the 24-h treatment
group, both the enzyme activity and content of PFK de-
creased with increasing concentrations of PBQ. Under the
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Figure 2 (Color online) (A) Design strategy of J-PBQ. (B) Frontier molecular orbitals and energies (eV) from density functional theory (DFT) calculations
of J-PBQ in the ground state (S0). (C) Fluorescence spectroscopy of J-PBQ (10 uM) and PBQ (10 uM) in DMSO:PBS (v:v = 7:3, pH = 7.4), 4., = 336 nm.
(D) UV absorption spectra of J-PBQ (10 pM) and PBQ (10 uM). (E) Fluorescence stability of J-PBQ over different time periods. Inset: fluorescence stability
of J-PBQ in DMSO:PBS (v:v = 7:3) with different pH values (6.4-8.4). (F) Confocal imaging and colocalization analysis of snail liver sections after J-PBQ
treatment in 24 and 72 h group. Scale bar: 20 pm. (G) Proposed molecular docking of J-PBQ into the pocket of PFK.

same concentration of PBQ (1 mg/L), the enzyme activity
and content at 72 h were lower than those at 24 h, demon-
strating that PBQ can inhibit the activity and content of PFK
in the liver of P. canaliculata, and this inhibition is depen-
dent on both concentration and time.

Subsequently, the effect of PBQ on the expression of PFK
in the liver tissue of P. canaliculata was assessed through
Western blot experiments and immunofluorescence assays.
Protein extracts from the liver tissues of P. canaliculata from
the different treatment groups were subjected to Western blot
analysis to study the expression of PFK protein (Figure 3C).
Changes in PFK expression in different treatment groups
followed the same trend as those in PFK enzyme activity and
content, consistent with the proteomic data. Thus, PBQ can
inhibit the expression of PFK in the liver of P. canaliculata,
and this inhibition is again dependent on concentration and
time. Additionally, immunofluorescence experiments on
frozen sections of P. canaliculata liver tissue also revealed
similar findings (Figure 3D, Figures S13 and S14). Whether
at 24 or 72 h after PBQ treatment, a decrease in the green
fluorescence signal of the PFK channel was observed. No-
tably, the signal further diminished after 72 h compared to

the 24 h. Thus, PBQ can inhibit the expression of PFK.
Additionally, both B-PBQ and J-PBQ probes inhibited PFK
content in the liver tissue of P. canaliculata after different
durations of treatment (Figure S15), demonstrating that both
compounds are effective.

In silico docking studies were conducted to identify the
potential interaction mode between PBQ and PFK. PBQ was
effectively docked into the natural hydrophobic pocket of
PFK (Figure 3E) in a thermodynamically favorable process.
The pyridine ring of PBQ was deeply embedded within the
pocket formed by Metm, Asnm, Val43l, Metm, Ile495, and
Cys497 residues, exhibiting a binding energy of
—7.81 kcal/mol (Figure 3F). PBQ was primarily anchored
through stable hydrogen bonding with the side chain of
Val®' and other hydrophobic interactions. These results
provide theoretical support for PBQ’s potential to target and
inhibit PFK in P. canaliculata.

PFK is the rate-limiting enzyme and a key branching point
of glycolysis, which can catalyze the phosphorylation of F6P
to FDP. To further confirm that PFK is the target of PBQ in P.
canaliculata, FDP and F6P contents were measured in the
liver tissue of P. canaliculata after PBQ treatment using
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and leading to its death.

commercial assay kits. The FDP contents in different treat-
ment groups were 2.284 + 0.067, 2.064 + 0.011, 1.971 +
0.043, 1.83 £ 0.062, 1.940 + 0.078, and 1.489 + 0.080 mg/g,
respectively (Figure 3G). Thus, in the 24-h treatment group,
FDP content gradually decreased with increasing PBQ
concentration. The inhibition rate of the FDP content after
72 h of treatment with the same concentration of PBQ
(1 mg/L) was 23.29% and lower than that after 24 h
(13.71%), confirming that PBQ treatment reduces FDP
content in the liver tissue of P. canaliculata in a concentra-
tion-dependent and time-dependent manner, consistent with
the trend in PFK enzyme activity, content, and expression.
The F6P content in different treatment groups was
0.741 + 0.084, 0.885 + 0.041, 0.972 £+ 0.078, 0.975 £ 0.047,

0.901 + 0.032, and 0.908 + 0.064 mg/g, respectively (Figure
3H). Thus, at 24 h, the F6P content tended to increase with
increasing PBQ concentration, possibly due to the inhibition
of PFK activity and expression by PBQ, leading to the in-
ability of the substrate FOP to be converted into the product
FDP. However, at 72 h, there was no significant difference in
the FOP content between the PBQ treatment group and the
control group, likely due to the involvement of other path-
ways in regulating F6P with increasing time.

The experimental results of FDP and F6P content sug-
gested that PBQ inhibits the conversion of substrate F6P into
product FDP in the liver tissue of P. canaliculata, likely due
to the inhibition of PFK enzyme activity, content, and ex-
pression by PBQ, providing strong support for PFK being the
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target protein of PBQ in P. canaliculata. Furthermore, the
targeted action of PBQ on PFK leads to abnormal glycolysis
in P. canaliculata, reducing energy supply, thereby causing
the death of P. canaliculata (Figure 3I).

2.5 Differences in the effect of PBQ on PFK homo-
logues explain the choice of target organisms

Following our previous studies showing that the lethal pes-
ticidal ability of PBQ is restricted to mollusks and that it has
a satisfactory safety profile for mammals and other non-
target aquatic organisms, we hypothesized that the difference
in the effect of PBQ on PFK homologues across species
provides a potential explanation to this end. First, we ana-
lyzed the PFK homologues in multiple species from an
evolutionary perspective. A phylogenetic tree was con-
structed based on the amino acid sequence homology of PFK
covering P. canaliculata, a few other mollusks, and non-
target species commonly seen in the snail habitat, and
showed that in a phylogenetic position close to othernon-
target species (Figure 4A). Second, in addition to P. cana-
liculata, PBQ also significantly decreased PFK levels in
other two target snails Oncomelania hupensis and Paraf-
ossarulus striatulus; on the contrary, no significant change
was observed in the non-target species Danio rerio (Figure
4B).

2.6 PBQ impairs the low-oxygen tolerance of P. cana-
liculata

Qiu’s group [32] previously reported that P. canaliculata is
more adapted to extreme environments, such as low oxygen,
compared to native snails (Pomacea diffusa). Their studies
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found that the activity of PFK in P. canaliculata remained
relatively unchanged in low-oxygen environments compared
to normoxic conditions, which may contribute to its toler-
ance to low-oxygen environments [32]. Therefore, we hy-
pothesized that PBQ could disrupt the low-oxygen tolerance
of P. canaliculata by inhibiting its PFK activity and thereby
affecting the glycolytic pathway, leading to the death of P.
canaliculata. To test this hypothesis, we evaluated the sur-
vival rates of P. canaliculata under different oxygen con-
centrations (2, 4, and 6 mg/L) and PBQ concentrations (0,
0.5, 1, and 2 mg/L) at varying time points (24, 48, and 72 h).
As the dissolved oxygen concentration in the water de-
creased, the concentration of PBQ increased, and the ex-
posure time lengthened, the mortality rate of P. canaliculata
also increased (Figure SA—C). P. canaliculata can survive
for 72 h under low-oxygen conditions (2 mg/L); however,
PBQ significantly promotes the death of P. canaliculata in
this environment. These results confirm that PBQ can disrupt
the low-oxygen tolerance of P. canaliculata, possibly by
targeting and inhibiting the PFK enzyme.

3 Conclusions

Through the modification of biotin and fluorophores on
PBQ, we successfully prepared two small-molecule probes,
B-PBQ and J-PBQ, to investigate the targeted killing me-
chanism of PBQ against P. canaliculata. Using B-PBQ in
protein pull-down assays and J-PBQ in CLSM imaging, we
identified and confirmed that PFK in P. canaliculata is the
primary target of PBQ. Molecular docking studies further
supported the interaction between PBQ and PFK. Sub-
sequent experiments showed that PBQ inhibits the activity,
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Figure 4 (Color online) (A) Phylogenetic tree of PFK proteins from different species (Mus musculus; Homo sapiens; Alligator sinensis; Danio rerio; Apis
mellifera; Daphnia magna; Eriocheir sinensis; Penaeus chinensis; Pecten maximus; Pomacea canaliculata; Aplysia californica; Biomphalaria glabrata).
(B) PFK content in the liver after 72 h of exposure to PBQ (1 mg/L) in different species (Oncomelania hupensis, Parafossarulus striatulus, Danio rerio).

*¥*P < 0.01, ¥***P < 0.001.
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Figure 5 (Color online) Effect of different oxygen (O,) concentrations and varying PBQ concentrations on the survival of snails after (A) 24 h, (B) 48 h,

and (C) 72 h. *P < 0.05, **P < 0.01, ***P < 0.001.

content, and expression of PFK in the liver of P. canalicu-
lata, with effects that are dependent on both concentration
and time. Additionally, detection of FDP and F6P levels
confirmed that PBQ affects both the products and substrates
of PFK, reinforcing the conclusion that PFK is the target
protein of PBQ. Testing PFK content across other species
and constructing a phylogenetic tree of homologous proteins
suggested that the selective killing of P. canaliculata by
PBQ may be due to its specific inhibition of PFK. Moreover,
efficacy tests under varying oxygen concentrations demon-
strated that PBQ impairs the glycolysis pathway and de-
creases the low-oxygen tolerance of P. canaliculata by
inhibiting PFK. These findings highlight the potential for
developing PFK-targeted snail-killing pesticides. Ad-
ditionally, the combined strategy of pull-down assays and
optical imaging used in this study offers a novel approach for
the exploration of mechanisms of other pesticide candidates.
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