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ABSTRACT: Autophagy-associated protein 8 (ATG8) is essential for autophagy and organismal growth and development. In this
study, we successfully resolved the crystal structure of Drosophila melanogaster (D. melanogaster) ATG8a (DmATGS8a) at 1.36 A
resolution. Being distinct from previously characterized ATG8 homologues, DmATG8a (121 residues) adopts a unique fold
comprising five a-helices and four f-folding strands, in contrast to the canonical four a-helices and four $-folding strands observed in
other ATGS proteins. DmAT G8a features two active cavities: hydrophobic pocket 1 (HP1) and hydrophobic pocket 2 (HP2), which
are essential for the normal physiological function of ATGS8. Indole and its analogs can bind specifically with HP1. Microscale
thermophoresis results demonstrated a strong affinity of 6-fluoroindole with DmATG8a (3.54 umol/L), but no affinity with the
DmATG8a** mutant, suggesting that Lys48 is critical in binding 6-fluoroindole probably via a hydrogen bond interaction. The
half-maximum lethal concentration (LCs,) of 6-fluoroindole against D. melanogaster adult flies was 169 pg/mL. Our findings
establish DmATGS8a as a promising target for developing indole-based insecticides.
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B INTRODUCTION most common marker of autophagy. It belongs to the
ubiquitin-like family of proteins and is integral to the
autophagic process.”’ Autophagy represents a conserved and
meticulously regulated intracellular process for the degradation
of materials in eukaryotic organisms.'”””'* Tt is typically
categorized into three types, macroautophagy, microautogh—
agy, and molecular chaperone-mediated autophagy.'”'®
Macroautophagy is the most studied among the three types
of autophagy. A defining characteristic of macroautophagy is
the formation of autophagic vesicles with a double-layer
membrane structure. Studies have indicated that the formation
of these vesicles may be associated with the outer membrane of
the mitochondria, the membrane of the endoplasmic
reticulum, and the plasma membrane.'””" In the macro-
autophagy pathway, ATG8 is synthesized as E)ro—proteins
cleaved by ATG4 to expose glycine residues,”””' the newly
exposed C-terminal glycine carboxyl group is linked to a
. . ) cysteine of ATG7 via a thioester bond. Subsequently ATG8 is
env1ronmen.t. .To address the re§lstance and pollution transferred from ATG7 to ATG3, which binds ATGS via a
Fhallegges, it is therefore of great interest to develop new thioester bond.>~2* Finally, in the presence of the ATGI12-
insecticidal targets to better control pest insects. ATGS complex, ATG3 is released and ATGS is coupled to the

The autophagy-associated protein 8 (ATG8) was identified . . . . .
from a hunfan %Jyrain DNA i brary.® A(T Gs is) crucial for the amino group of phosphatidylethanolamine (PE) via an amide
24 bond to form a ATG8-PE conjugate, which can mediate the

physiological function of y-aminobutyric acid subtype A membrane fusion events necessary for autophagosome bio-
receptors (GABA, receptors). Research has demonstrated

that ATG8 promotes the aggregation of GABA, receptors, —
enhancing the electrical signals generated by these receptors, Received: November 14, 2024 OB chemti
and thus influencing the dynamics of gated ion channels.” ' Revised:  February 27, 2025 ey 2
In addition to its close relationship with GABA, receptor AccePted‘ February 28, 2025 £
function, ATGS is critical for autophagy. This dual role of Published: March 11, 2025 €
ATGS8 in autophagy and neurotransmission underscores its
potential as a multifunctional therapeutic target. ATGS is the

Food demand is growing to meet the continuous increase in
the global human population.' Pest insects cause huge losses in
food production every year. Not only do they directly damage
plants, but many of them also act as vectors for plant viruses,
posing a significant threat to agricultural production.”” Among
various insect control methods such as genetically modified
plants and microbial agents,”” insecticides have been the
dominant method due to their advantages including rapid
effectiveness and predictability. However, excessive insecticide
application has led to widespread resistance in pest
populations, drastically diminishing control efficacy. Resistance
not only undermines the efficacy of existing insecticides but
also induces cross-resistance to newly developed insecticides
with the same molecular targets. Under such circumstances,
pest control is frequently attempted through increased
insecticide application rates, which seriously pollutes the
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Figure 1. Involvement of autophagy-associated protein 8 (ATG8) family proteins in the macroautophagy pathway. PE, phosphatidylethanolamine;
E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme; E3, ubiquitin-protein ligase; ATG8-, a form of ATG8 formed after cleavage of
the amino acid residues at the C-terminal glycine (116G) of ATG8; ATGS-II, a form of ATGS after the C-terminal glycine residue of ATG8-1 is

esterified with phosphatidylethanolamine (PE).

genesis.”” The ATGS-PE conjugate is predominantly located
on both sides of the autophagic vesicle membrane, and ATG4
removes ATGS8-PE from the outer membrane as the
autophagosome matures (Figure 1).20‘26

The number of ATG8 proteins varies among different
species. For instance, yeast contains only one ATGS8 gene,
while mammals possess seven ATG8 homologues, which can
be classified into two subfamilies according to similarities in
their amino acid sequences: the LC3 subfamily and the
GABARAP subfamily.”” Most reported studies on ATG8 have
primarily focused on mammals, with relatively few inves-
tigations on insects.

Drosophila melanogaster is a well-studied model organism
that has contributed greatly to the discovery of drugs and the
identification of drug targets.”®” ATGS is crucial for the
growth and development of D. melanogaster. As a core
component of autophagy, it can regulate cell remodeling and
tissue reconstruction and participate in the transformation
process from larvae to pupae and from pupae to adults.”

There are two ATG8 homologues in D. melanogaster,
ATG8a and ATGS8D, of which only ATG8a is essential for
autophagosome development.”’ DmATGS8a is categorized
within the GABARAP subfamily. Under starvation, the
mRNA levels of DmATG8a are upregulated, while DmATG8b
mRNA level remains unchanged. When ATG8a is deficient in
D. melanogaster, it leads to a series of problems, such as partial
lethality, abnormal wings, shortened lifespan, decreased
climbing ability, reduced muscle integrity, and progressive
degeneration of the nervous system, which severelzy affect the
normal physiological activities of D. melanogaster.”

ATGS8 family proteins have been recognized as potential
drug targets across various species. For example, Wool et al.
(2024) demonstrated that ebselen and its analogs can inhibit
the interaction between ATG4 and ATGS, significantly
reducing the pathogenicity of the fungi Botrytis cinerea and
Magnaporthe oryzae.” Similarly, Wang et al. (2022) found that
methyl eugenol binds ATGS, indicating that ATG8 could be a
promising molecular action target.34 Thielmann et al. (2008)
reported that 94% of the peptide chains that interacted with
ATGS contained tryptophan residues.”® It was hypothesized
that the tryptophan residues in the peptides are crucial for their
interactions with ATGS, providing a structural basis for the
development of ATGS8 inhibitors. Indoles share structural

similarities with tryptophan, featuring a backbone that forms a
common aromatic heterocycle present in numerous organisms,
encompassing plants, animals, and marine species. Indole
derivatives can bind multiple receptors and exhibit diverse
biological activities, including insecticidal,>®*” antiviral,>® and
antibacterial effects.”

In this study, we expressed the ATG8a protein from the D.
melanogaster gene with Escherichia coli and the crystal structure
was elucidated at a resolution of 1.36 A. We screened a series
of indole analogs using microscale thermophoresis (MST). For
those with strong binding abilities, we determined the binding
site through molecular docking and mutagenesis experiments.
Finally, we evaluated the insecticidal activity of these
compounds against D. melanogaster. Our results provide
insights into the molecular interactions between ATG8 and
small indole molecules and lay a foundation for future design
of insecticides targeting the ATG8 family of proteins.

B MATERIALS AND METHODS

Chemical Reagents. Haloindoles and tryptophan (Figure 2) with
analytical purity were procured from Aladdin, Shanghai Reagent
Company, China. All compounds were stored at 4 °C.

Plasmid. The pET32a-DmATG8a plasmid was obtained from
Beijing Tsingke Biotech Co. Ltd. The amino acid sequence of
DmATGSa is from the NCBI database (https://www.ncbi.nlm.nih.
gov/). The DmATG8a gene was digested with Ndel and Xhol and
then inserted into the pET-32a vector.
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Figure 2. Structures of indole analogs (a—n).
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Figure 3. (A) SDS-PAGE gel image of purified DmATGS8a in lanes 1—3 (10 ug). M: protein markers. The loading bufferws 0.25 M Tris-HCl (pH
8.8), 2% SDS, 10% f-mercaptoethanol, and 20% glycerol. The electrophoresis conditions are 100 V for the stacking gel and 120 V for the
separating gel. (B) SDS-PAGE gel image of DmATG8a with His tag in lanes 1-2 (10 ug), of DmATG8a without His tag in lanes 3—4 (S ug). M:
protein markers. The loading buffer is 0.25 M Tris-HCI (pH 8.8), 2% SDS, 10% f-mercaptoethanol, and 20% glycerol. The electrophoresis
conditions are 100 V for the stacking gel and 120 V for the separating gel.

Protein Expression and Purification. The pET32a-DmATG8a
plasmid was transferred into E. coli strain BL21 (DE3) and cultured in
liquid Luria—Bertani (LB) medium containing ampicillin sodium. The
E. coli cells were incubated at 37 °C while being gently shaken (200
rpm). When the optical density at 600 nm (ODy,) of the liquid LB
reached a range of 0.6—1.0, isopropyl-f-D-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM. Subsequently,
the temperature of the shaker was lowered to 20 °C, while
maintaining the shaking speed at 200 rpm to induce the expression
of the target proteins. After 16 h of induction, the E. coli cells were
harvested by centrifugation at 6000 g and 4 °C for a duration of 15
min. The resulting E. coli pellet was then resuspended in 45 mL of
lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 7.5) and sonicated
with a sonicator (Scientz-iid, Scientz) at 35% amplitude for 50 min,
with a working cycle of 6 s and pause for 4 s. After sonication, the
bacterial solution changed from turbid to clear. The mixture was then
centrifuged at 10,760 g and 4 °C for 35 min to isolate the supernatant.

The HisTrap HP column (Cytiva, Marlborough, WA) was
equilibrated with the binding buffer (50 mM Tris-HCl, 300 mM
NaCl, pH 7.5, 20 mM imidazole). The supernatant containing the
DmATGS8a protein was injected onto the HisTrap HP column. The
column equipped on an AKTA purifier system (GE, Boston, MA) was
rinsed for 10 min with the binding buffer at the flow rate to 3 mL/min
to remove nontarget proteins. The target proteins were rinsed from
the column by gradually increasing the gradient of elution buffer (50
mM Tris-HCl, 300 mM NaCl, pH 7.5, 400 mM imidazole) in SO mL
centrifuge tubes. The elution was concentrated to 10 mL by using
ultrafiltration tubes (Amicon Ultra 15 mL). The tobacco etch virus
(TEV) protease was added at a mass ratio of 10:1 (target proteins to
TEV), and the digestion was carried out overnight at 4 °C. The
proteins were injected into the column to remove His-tagged proteins,
the effluent was collected. Further purification was performed on a
size-exclusion chromatographic column (Superdex 200 pg, Cytiva).
The protein solution was concentrated to a volume of 2 mL and
subsequently introduced into a loop ring. A desalting buffer (20 mM
Tris-HCl, 300 mM NaCl, pH = 7.5) was used to elute the target
proteins. The molecular weight and purity of the proteins were
verified via 15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Crystallization and Data Processing. DmATGS8a was con-
centrated to 18 mg/mL in an ultrafiltration tube. The crystallization
conditions of DmATGS8a were screened at 18 °C with crystallization
kits according to the seated drop vapor diffusion method.** Crystals
were obtained after 2 days under pool conditions of 0.1 M Bis-Tris
pH 6.5, 26 (W/V) PEG MME 5000 (Figure S1). High-quality crystals
were equilibrated in an additional pooling solution containing 15%
glycerol before being snap-frozen in liquid nitrogen. The final data,
with a resolution of 1.369 A, were collected at the Shanghai
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Synchrotron Light Source BL17U1 at a wavelength of 0.97918 A at a
temperature of 100 K.

Structure Resolution and Refinement. The crystal data were
processed with X-ray Detector Software, revealing a space group of
P21 and unit cell dimensions of a = 32.45 A, b = 58.99 A, and ¢ =
68.85 A. The GABARAP (PDB ID: 1GNU) was used as the starting
model.*' Molecular replacement was performed with Phenix
software,"> which provided the initial structural information and
electron density maps of the crystals. Finally, the high-resolution
crystal structures were manually refined using Coot and Phenix
software.*® The structure has been deposited in the Protein Data Bank
with the accession code 9JJD.

Interaction between 6-Fluoroindole and DmATG8a. The
haloindoles and tryptophan were prepared at a concentration of 2
mM and then diluted to 16 different concentrations ranging from 0.06
UM to 2000 M in polymerase chain reaction (PCR) tubes.
DmATG8a was fluorescently labeled according to the operation
steps of the Protein Labeling Kit (RED-NHS second Generation). A
10 L aliquot of the fluorescently labeled DmATG8a was added to the
PCR tubes containing different compound concentrations. The tubes
were placed in the dark for S min and then loaded separately into
capillary tubes. The binding affinity of the compounds to DmATG8a
was assessed with a Monolith NT 115 (Nano Temper Technologies,
Germany).***

Molecular Docking. The structures of the target compounds
were acquired from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/). The compounds were then flexibly docked to
DmATG8a using Autodock Vina 1.1.2 following previously
established methods.*” Conformational docking was performed with
PyMOL software. The resulting patterns were plotted.

Purification of DmATG8a Mutants and Their Interactions
with 6-Fluoroindole. The molecular docking results indicated that
the hydrogen atom of 6-fluoroindole interacts with the oxygen atom
of lysine (K48) of DmATG8a. Consequently, a site-directed mutation
was introduced to replace K48 with alanine (A48). The DmATG8a
mutant sequence was then subcloned into the pET-32a vector, and
the protein was transformed, expressed, purified, and desalted
according to the methods described previously. MST was conducted
to evaluate the binding capacity of the mutant proteins to 6-
fluoroindole.

Insecticidal Activity. The insecticidal activity of 6-fluoroindole,
which exhibited a high affinity with DmATG8a, was assessed with a
combined toxicity method of gastric poisoning and contact.”® A
section of filter paper was positioned within a 9 cm Petri dish and
moistened with 0.8 mL of the solution containing various
concentrations of 6-fluoroindole. Apple slices were cut, soaked in
the solution for 1 min, and then placed into the Petri dish.
Approximately twenty 2-day-old adult flies were gently transferred
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Figure 4. (A) Overall structure of DmATG8a. a-Helices depicted in purple and f-folding strands shown in blue. (B) Interactions between the
ubiquitin fold and the N-terminal helices are depicted, with the N-terminal helices shown in white and the ubiquitin fold in purple. The residues
involved in these interactions are marked. (C) Interactions occurring within the ubiquitin fold are illustrated, with the relevant residues also labeled.
(D) The two active cavities of DmATG8a are presented. With residues in the HP1 cavity are shown in blue and those in the HP2 cavity are shown

in white.

into the Petri dish using a size 0 brush. Each treatment was triplicate,
with water serving as the negative control and avermectin (a potent
insecticidal activity against adult fruit flies*”) as the positive control.
Following treatment, the adults were incubated in an incubator set at
24 + 1 °C, with a humidity of 75 + 5%, and a photoperiod of 16 h of
light and 8 h of dark. The brush was used to lightly touch the insects.
If the insect did not move, the insect was considered died. Mortality
was observed and recorded after 24 h.

B RESULTS AND DISCUSSION

Expression and Purification of Target Protein. After
purification with a HisTrap HP column, SDS-PAGE gel
analysis revealed a distinct band near 19 kDa (Figure 3A),
which was consistent with the predicted size. After TEV
protease digestion, the target protein band decrease in size
(Figure 3B), indicating the successful removal of the His tag.

Overall Crystal Structure. The crystal structure of
DmATGSa has been refined to a resolution of 1.36 A (see
Table S1 and Figure S2 for more information). The DmATG8a
crystal comprises 121 amino acids and 130 water molecules,
featuring a total of five a-helices (al-aS) and four f-folding
strands (f1-f4), with the f-folding strands positioned centrally
and the a-helices were distributed on either side (Figure 4A).
The overall structure consists of two parts, one is the N-

terminal a-helix region (al, a2), and the other is the core
region of the ubiquitination fold (consisting of three a-helixes
(a3, a4, and a5)) and four f-folded strands (f1-54). The al
and a2 helices are tightly associated with the core region of the
ubiquitination fold, stabilized by three salt bridges: Lys6 —
Glul00, Argl4 — Asp102, and Glul7 — Lys48 (Figure 4B).
Additionally, there are three sets of salt bridges in the core
region of the ubiquitination fold of DmATG8a, namely Lys35
— Asp43, Arg71 — Glu73, and Glull2 — Lys119, which
contribute to the stabilization of the region (Figure 4C). All
reported ATG8 proteins contain two hydrophobic pockets.
DmATGS8a also contained two hydrophobic pockets. Pocket 1
lied between a-helix 2 and the ubiquitination fold region,
comprising Glul7, Ile21, Pro30, Lys48, LeuS0 and Phel04,
Pocket 2 was located within the ubiquitination fold region and
included Tyr49, Val51, Pro52, Phe60, Leu63, and Ile64
(Figure 4D). As previously reported,””*" the ATGS8 protein
binds proteins containing the LC3 interaction region (LIR) via
two pockets. The LIR sequence contains four main amino
acids (OXXW), @ for aromatic amino acids (W/F/Y), XX for
arbitrary amino acids and ¥ for aliphatic amino acids (L/V/I).
Pocket 1 predominantly binds aromatic amino acids, while
pocket 2 binds aliphatic amino acids. Within the three

https://doi.org/10.1021/acs jafc.4c11205
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Figure S. Comparison of five similar structures. (A) Structure-based sequence alignment of GABARAP (88.73% identity), GABARAPLI (77.95%
identity), GABARAPL2 (55.37% identity), and LC3 (28.68% identity) with DmATG8a. Alignments were performed with the program ESPript. (B)
A superposition of the overall structures shows DmATG8a (pink) alongside GABARAP (green), GABARAPLI (blue), GABARAPL2 (purple), and

LC3 (yellow).

aromatic amino acids (W/F/Y) that can bind to pocket 1,
tryptophan occupies a dominant position, based on previous
findings, it was later found that indole analogs (structurally
similar to tryptophan) also have an affinity for the HP1 pocket
of the ATG8 protein.>

We also analyzed the surface charge of the active cavity of
DmATG8a. By using Pymol software to generate the surface
charge map of the active cavities of DmATG8a, where blue
indicates positive charge and red indicates negative charge, and
the intensity of the color represents the charge density (Figure
S$3), This suggests that the cavity carries a significant amount
of positive charge. It is hypothesized that when this cavity
binds other proteins, it intends to interact with residues
carrying negative charges. This finding provides a novel
direction for our subsequent search for other structures that
may bind to the active cavity of ATGS.

Structural Comparison. Multiple sequence comparisons
of crystallized ATG8 homologues revealed that the amino acid
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sequences of ATGS8 protein are highly conserved from
mammals to insects. When the amino acid sequence of
DmATG8a was compared with those of GABARAP (PDB
code 1GNU),"" GABARAPL1 (PDB code 2R2Q), GABAR-
APL2 (PDB code 7LK3),”” and LC3 (PDB code 1TUGM),
the sequence similarities were 88.43%, 77.95%, 55.37% and
28.68%, respectively (Figure SA). The structures of DmATG8a
were overlaid with those of GABARAP, GABARAPLI,
GABARAPL2, and LC3, yielding root-mean-square deviation
(RMSD) values of 0.422, 0.448, 0.527, and 0.96 A, respectively
(Figure SB). All currently resolved ATGS8 family proteins
consist of four a-helices and four f-folding strands, however,
the DmATGS8a protein uniquely contains five a-helices and
four p-folding strands, with a5 located in the core region of the
ubiquitylated fold and directly connected to B4. The results
indicate the specificity of the structure of DmATG8a.
Binding Constants of Test Compounds to DmATG8a.
MST was used to evaluate the binding affinity of compounds a-
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Figure 6. MST binding curves of (A) 6-fluoroindole with DmATGS8a at 25 °C. (B) Tryptophan with DmATG8a at 25 °C.
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Figure 8. (A) SDS-PAGE gel image of purified DmATG8A* in lanes 1—5 (10 pg). M: protein markers. The loading buffer is 0.25 M Tris-HCl
(pH 8.8), 2% SDS, 10% f-mercaptoethanol, and 20% glycerol. The electrophoresis conditions are 100 V for the stacking gel and 120 V for the
separating gel; and (B) MST results of 6-fluoroindole with DmATG8ANA,
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Table 1. LC;, Values of Abamectin and 6-Fluoroindole against D. melanogaster

Compound y = a+bx R (Correlation coefficient) LCy, (mg/L) 95% confidence interval (mg/L)
6-fluoroindole y = 0.4171x-22.587 0.98 169 142—196
abamectin y = 0.5718x+27.13 0.98 30.5 9.56—53.2
54-56

n (Figure S4) and tryptophan to DmATG8a. 6-Fluoroindole
demonstrated strong binding and exhibited a well-defined
binding curve, with a Ky value of 3.54 pumol/L, being
approximately 19-fold lower than tryptophan’s Kj value of
66.98 pmol/L (Figure 6). This result indicates that 6-
fluoroindole had a stronger binding affinity for DmATG8a
than tryptophan in vitro. A previous study’® has shown that the
ATGS protein has a specific binding site for indole analogs,
which may be the reason for the strong binding of 6-
fluoroindole to DmATG8a.

Molecular Docking of 6-Fluoroindole with DmATGS8a.
Probing the binding sites of proteins and small molecules is
crucial for inhibitor design. The molecular docking results
indicated formation of a hydrogen bond between 6-
fluoroindole and Lys48 in the HP1 of DmATG8a (Figure 7).

Through molecular docking, we evaluated the interaction
between 6-fluoroindole and DmATGS8a and investigated the
involvement of key amino acids. The preliminary experimental
results show formation of a hydrogen bond between 6-
fluoroindole and Lys48, resulting in a high binding force.
Mutation of Lys48 — Ala48 can verify whether the above
assessment is correct. Therefore, in the remainder work, we
studied the binding force between the mutant DmATG8a ***
and 6-fluorooindole.

Lack of Interaction between DmATG8a**** and 6-
Fluoroindole. There was no binding between DmATG8A "
and 6-fluoroindole. This result supported the notion that
Lys48 was a key amino acid for the interaction between 6-
fluoroindole and DmATG8a (Figure 8).

Activity of Target Compounds against D. mela-
nogaster. Based on the binding results, 6-fluoroindole that
exhibited strong binding activity with DmATG8a was selected
for in vivo experiments against D. melanogaster. 6-Fluoroindole
and avermectin demonstrated 100% insecticidal activity against
D. melanogaster at a concentration of 500 pg/mL. However, as
the concentration decreased, the insecticidal activity of 6-
fluoroindole showed a significant decrease, only 24% of D.
melanogaster died at a concentration of 125 yug/mL. This sharp
dose—response relationship suggests the essentiality of
DmATGS8a to D. melanogaster and its high potential as an
insecticidal target. In comparison, the positive control
avermectin exhibited greater insecticidal activity than 6-
fluoroindole, resulting in 33% mortality in D. melanogaster
even at a concentration of 15 pg/mL. The final half-maximal
lethal concentration (LCs,) of 6-fluoroindole was 169 pg/mL,
while the LCs, of avermectin was 30.5 ug/mL (Table 1). This
suggests that structural optimization of 6-fluoroindole may
enhance its potency.

The identification of new drug targets is crucial for managing
field pests and reducing the damage they cause to crops. ATG8
is a core component of the autophagy process.”” It interacts
with various autophagy-related proteins (e.g., ULKI,
TBCI1D2S, reticulin, ATG4B, and ATG7) and cargo receptor
proteins (e.g., p62 NBRI and NDPS2), thereby influencing
cellular autophagy,” which is vital for normal growth and
development of organisms. GABA, receptors are targets for a
variety of drugs, including anesthetics, sedatives, hypnotics and
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antidepressants. GABARAP can promote the aggregation
of GABA, receptors, transport them to the cell membrane, and
affect the dynamics of gated ion channels, which has a great
influence on some physiological functions of GABA,
receptors.g’ 10

Most existing studies on ATGS8 proteins, however, have
primarily concentrated on mammals, with relatively few
investigations focused on insects. The study of ATG8 proteins
in insects can not only serve as a reference for the study of
ATGS8 in other higher animals including humans, but also as a
target site for the development and the control of insect pests.

A majority of traditional insecticides target the nervous
system such as the GABA, receptors of insects. The
GABAergic insecticides inhibit the GABA, receptor but not
ATGS8. As an autophagy-related protein, DmATG8a partic-
ipates in the autophagy process of insects.'' Autophagy is an
intracellular degradation and recycling mechanism, that is vital
for maintaining intracellular homeostasis, responding to
various stress conditions, and facilitating the metamorphic
development of insects.”” Insecticides targeting DmATGS8a can
disrupt the autophagy process in insects, thereby affecting their
normal physiological functions and neuronal integrity and
consequentially achieving pest control objectives. This
mechanism of action differs from and may reduce cross-
resistance with the traditional insecticides such as GABAergic
insecticides.

D. melanogaster has been used for more than a century as a
model organism to study a wide range of life science questions,
such as drug discovery and target discovery.”””” Previous
studies have found that knocking out ATGS8a in D.
melanogaster greatly reduces lifespan and affect normal
physiological functions and neuronal integraty.”” In addition,
our previous study’* determined specific interaction between
methyl eugenol and recombinant GABARAP from the western
flower thrips Frankliniella occidentalis. Therefore, D. mela-
nogaster was used as a good material to study whether insect
ATGS protein has the potential to be an insecticide target.

DmATGS8a is composed of five a-helices and four f-folding
strands. Compared with the human ATGS8 protein with only
four oa-helices and four p-folding strands, the aS of D.
melanogaster may play an important role in GABA, receptors
and autophagy. Further exploration of the function of the a$
region is an interesting and important direction for future
research.

The insect ATG8 is being studied as a potential pesticide
target. For example, methyl eugenol can interact with Tyr61
residue of ATG8 protein of thrips, resulting in the death of
thrips (with an LCy, values was 1.1 mg/L).>* DmATG8a plays
an important role in the normal physiological function of D.
melanogaster and seems to be a potential target for insecticides.
Based on the structure of DmATGS8a, we determined the
binding affinities of a series of halogenated indole compounds
to the active cavity HP1 of DmATGS8a. The results indicated
that 6-fluoroindole has a strong binding ability. The ATGS8
protein mainly interacts with other proteins through two
cavities, HP1 and HP2. The molecular docking results showed
that the amino group of 6-fluoroindole forms hydrogen bonds
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with K48 of ATG8, and the benzene ring part of 6-fluoroindole
is inserted into the HP1 cavity of ATGS8. Therefore, we
speculate that 6-fluoroindole may inhibit the interaction
between ATG8 and other proteins by occupying the active
site of HP1, thereby preventing the residues of other proteins
from binding to the HP1 cavity of ATG8 and malfunctioning
ATGS8 to perform normal physiological roles.

This study represents the first comprehensive analysis of the
crystal structure of DmATG8a, revealing its distinctiveness
from the reported structures of most AT G8 proteins. It offers a
novel perspective for the structural research of the ATG8
proteins, facilitating a deeper understanding of the structural
diversity and functional specificity of this protein in different
organism species. This is the second study to conduct potential
insecticide target research on insect ATGS8 proteins.34 We
evaluated the insecticidal activity of 6-fluoroindole to D.
melanogaster, which opens a new avenue for the development
of novel insecticides. However, the structure of 6-fluoroindole
requires further optimization to enhance its biological activity.
The findings warrant an interest in studying ATG8 from other
insect and organism species for structural uniqueness and
selectivity as an insecticidal action target.
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