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Simple Summary: Apoptosis plays an important role in both the development of lepidopteran
insects and the elimination of cells. The apoptosis signal pathways are well documented in mammals
and Drosophila melanogaster. However, it remains less clear in lepidopteran insects. This study
characterized the apoptotic protease activating factor-1 (Apaf-1) from Spodoptera litura. The results
showed that S. litura Apaf-1 (Sl-Apaf-1) is similar to the mammalian Apaf-1. Sl-Apaf-1 consists of
a caspase recruitment domain (CARD), as well as nucleotide-binding and oligomerization domain
(NOD) and the C-terminal WD40-repeat domain (WD), and interacts with Sl-caspase-5 (a homologue
of mammalian caspase-9). The activated Sl-caspase-5 can cleave Sl-procaspase-1 (a homologue of
caspase-3 in mammals), which directly causes apoptosis. The apoptosis signal pathway is conserved
between lepidopteran insects and mammals.

Abstract: Apoptotic protease activating factor-1 (Apaf-1) is an adaptor molecule, essential for activat-
ing initiator caspase and downstream effector caspases, which directly cause apoptosis. In fruit flies,
nematodes, and mammals, Apaf-1 has been extensively studied. However, the structure and function
of Apaf-1 in Lepidoptera remain unclear. This study identified a novel Apaf-1 from Spodoptera litura,
named Sl-Apaf-1. Sl-Apaf-1 contains three domains: a CARD domain, as well as NOD and WD
motifs, and is very similar to mammalian Apaf-1. Interference of Sl-apaf-1 expression in SL-1 cells
blocked apoptosis induced by actinomycin D. Overexpression of Sl-apaf-1 significantly enhances
apoptosis induced by actinomycin D in Sf9/SL-1/U20S cells, suggesting that the function of Sl-Apaf-
1 is evolutionarily conserved. Furthermore, SI-Apaf-1 could interact with Sl-caspase-5 (a homologue
of mammalian caspase-9) and yielded a binding affinity of 1.37 x 10® M1 according isothermal
titration calorimetry assay. Initiator caspase (procaspase-5) of S. litura could be activated by Sl-Apaf-1
(without WD motif) in vitro, and the activated Sl-caspase-5 could cleave Sl-procaspase-1 (a homo-
logue of caspase-3 in mammals), which directly caused apoptosis. This study demonstrates the key
role of Sl-Apaf-1 in the apoptosis pathway, suggesting that the apoptosis pathway in Lepidopteran
insects and mammals is conserved.

Keywords: Apaf-1; apoptosis; caspase; Spodoptera litura

1. Introduction

Apoptosis is a highly conserved mechanism by which eukaryotic cells commit suicide.
This mechanism plays a critical role in tissue development, tissue homeostasis, host de-
fense, and the elimination of unwanted cells in multicellular organisms [1,2]. Apoptosis
is also associated with many human diseases [3]. In mammals, two major apoptotic sig-
naling pathways, intrinsic and extrinsic, have been well characterized [4-6]. The intrinsic
pathway is also known as the mitochondrial pathway. Cytochrome ¢, apoptotic protease
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activating factor-1 (Apaf-1), and dATP form the apoptosome, which can recruit and ac-
tivate caspase-9, which in turn triggers apoptosis by initiating the caspase-3 dependent
proteolytic cascade [7]. The extrinsic pathway is mediated by death receptor. If activated,
the death receptor can recruit adaptor proteins and caspase-8/10. This pathway triggers
apoptosis through cleavage of downstream effector proteins, such as caspase-3/6/7 [8].
Apaf-1 was first identified in HeLa cells and was found to be a homologue of Caenorbabditis
elegans CED4 [9]. It contains a caspase recruitment domain (CARD) at the N terminus,
a nucleotide-binding and oligomerization domain (NOD), and two WD40 repeat domains
at the C terminus. The CARD is the binding module for procaspase-9, the NOD hosts a
nucleotide binding site and mediates the oligomerization into the apoptosome, and the
regulatory WD40-repeat domain serves as binding site for cytochrome c [10]. Both the
activation and acting mode of Apaf-1 in the mammalian apoptosis signal pathway are
well understood [11]. Briefly, Apaf-1 binds to cytochrome c, released from mitochondria,
and dATP to form oligomeric apoptosome, which may induce caspase-9 dimerization and
subsequent autocatalysis. Activated caspase-9 stimulates the subsequent caspase cascade,
thus committing the cell to apoptosis. Biochemical tests showed that the expression of
the CARD dimer of Apaf-1 could bind and activate the caspase-9 protein [12], and the
expression of Apaf-1 without WD40 motif could lead to apoptosis independent of the
presence of cytochrome c [13]. The Apaf-1 gene in Plutella xylostella and Bombyx mori have
been cloned [14,15], but the structure and functions of Apaf-1 in Lepidopteran have not
been investigated to date.

Apoptosis also plays an important role in insect physiology, e.g., development, tissue
homeostasis, DNA damage response, and immune response [16]. Evidence suggests that
the mitochondrial apoptosis pathway also exists in lepidopteran insects (e.g., Spodoptera
frugiperda, Spodoptera exigua, Spodoptera litura, and Bombyx mori), and studies from different
laboratories have shown that cytochrome c plays an essential role during apoptosis [15,17-26].
Furthermore, two important caspases in the mitochondrial apoptosis pathway were identified
in Lepidoptera. Caspase-1 is the most studied effector caspase, and its activation may lead
cells to apoptosis under UV irradiation or as a result of baculovirus infection. In Sf9 cells,
caspase-1 is processed during apoptosis to mature subunit fragments in a two-step activation
mechanism: the first step is the cleavage of proenzyme (P37) at D195 (which produces P25 and
the small subunit P12) while the second stage is the cleavage of P25 at D28 (which producing
the prodomain P6 and the large subunit P19). The same cleavage was found in SL2 cells
(from Spodoptera littoralis) for Sl-caspase-1 [27,28]. Caspase-5 (Dronc) was identified as an
initiator caspase in S. frugiperda, and recombinant Sf-caspase-5 can cause autocatalytic cleavage
at position D340 and cleaves the Sf-caspase-1 [29]. However, it remains unclear how the
apoptotic machinery responds to the mitochondrial apoptosis signal and activation of caspase
because the function of Apaf-1 has not been identified to date. Therefore, the identification
and functional analysis of Apaf-1 are important in the apoptosis of lepidopteran insects.

This study identified an apaf-1 homolog gene from S. litura and designated it Sl-apaf-1.
The function of Sl-Apaf-1 during apoptosis was studied through RNA interference and
over-expression assay. Protein expression and biochemical analysis were also performed to
further characterize Sl-Apaf-1. The results indicate that Sl-Apaf-1 plays an important role
in apoptosis, and provide useful information for the study and utilization of the apoptosis
pathway in Lepidoptera.

2. Materials and Methods
2.1. Cell Culture and Antibodies

Cell line SL-1, which originated from an embryo of S. litura (SL-ZSU,) was obtained from
the Institute of Entomology, Sun Yat-sen University, Guangzhou, Guangdong, China. Sf9
(S. frugiperda pupal ovarian tissue cells) and U20S (Homo sapiens bone osteosarcoma cells)
cells were maintained in the laboratory. The insect cell lines were cultivated in Grace’s Insect
Medium (Gibco, Carlsbad, CA, USA) supplemented with 8% fetal bovine serum (Gibco),
100 U/mL penicillin and 100 ng/mL streptomycin (Gibco) at 28 °C. U20S cells were grown
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in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco) at 37 °C and 5% CO,. f3-
Actin Rabbit mAb (#12620) and Anti-rabbit IgG, HRP-linked antibody (#7074) were purchased
from Cell Signaling Technology (CST, Danvers, MA, USA). Anti-Sf-caspase-1 antiserum was
provided by Paul Friesen [28].

2.2. Cloning of Sl-apaf-1 Gene

Sequence alignment of putative Apaf-1 from B. mori, Manduca sexta, and Danaus plexip-
pus was performed by Clustal W software version 2.0 (https://www.ebi.ac.uk/Tools/msa/
clustalw?2/). Highly conserved nucleotide sequences were used to design and synthesize
specific primers (Figure 1). A 778 bp fragment of Sl-apaf-1 was first obtained by RT-PCR
using primers F1 and R1. Based on this piratical sequence, a 653 bp fragment upstream
and a 3057 bp fragment downstream were amplified by semi-nested PCR using specific
primer pairs (F2/R2-1 and F2/R2-2 for the upstream sequence; F3-1/R3, F3-2/R3, and
F3-3/R3 for the downstream sequence). The remaining cDNA sequences of Sl-apaf-1 were
amplified by 3’- and 5'-RACE using the Smart RACE ¢cDNA amplification kits (Clontech,
Palo Alto, CA, USA). The experiment was performed according to the recommendation of
the manufacturer, and the gene specific primers (GSP) are listed in Table 1. The full-length
coding sequence (CDS) of Sl-apaf-1 was amplified with Phusion® High-Fidelity DNA Poly-
merase (Thermo Scientific, Waltham, MA, USA). PCR was performed under the following
conditions: pre-denaturation at 98 °C for 30 s; then, 30 cycles of heating to 98 °C for 10's,
cooling to 60 °C for 15 s, and re-heating to 72 °C for 120 s; followed by a final 5 min cycle
at 72 °C. The PCR product was separated using gel electrophoresis (0.7% agarose), and
then recovered and cloned into the pGEM-T vector (Promega, Madison, WI, USA) by TA
clones. The recombinant plasmid (pGEM-SI-Apaf-1) was then transformed into competent
Escherichia coli DH5c cells and positive clones were screened on an LB agar plate (with
100 pg/mL ampicillin) for plasmid extraction and sequence verification.

Table 1. Primers used in this study.

Application Gene Sequences (5'-3")
qPCR
Sl-apaf-1 ACGATGAACTGTTTGCGAAGC
ATTTCTCCCAAAGCCACCC
SI-GADPH GCCACCACCGCTACCCAGAA
GGAACACGGAAAGCCATAC
Protein expression
SI-Af88 CCGCATATGGACAAGCACAAAAGGCTACTC
TAGCTCGAGAGCCAATTTCTCCCAAAGCCAC
SI-Af627 CCGCATATGGACAAGCACAAAAGGCTACTC
CTGGCGGCCGCTTCATCTACGTTTTGTTCATGC
Sl-apaf-1 AATCTCGAGCCACCATGGACAAGCACAAAAGGCTAC
AATGGATCCGTGTTATTCGAGCGCATAACGTTC
Caspase-1 AGCCATATGGCGGACGGAAAACAAGAC
TGTCTCGAGCTTTTTACCAAACACAAG
Caspase-5 GAACCATATGCAAAGAGAACACAGGGATG
CAGGAATTCACTCGTAGAGACCGGGG
Caspase-5 (CARD) GAACCATATGCAAAGAGAACACAGGGATG

TCACTCGAGAACGGCAGGAGGAGGTGGTGTAG

The restriction endonucleases Xho I and Pst I were used to digest and isolate the
CDS of Sl-apaf-1 from the pGEM-SI-Apaf-1 vector. The ligation product (pEGFP-N1-Sl-
Apaf-1) was constructed by subcloning the digested Sl-apaf-1 CDS into a pEFGP-N1 vector.
To express Sl-Apaf-1 in insect cells, the pIE2-SI-Apaf-1-EGFP vector was constructed by
replacing the CMV promoter in the pEGFP-N1-Sl-Apaf-1 vector with the OpIE2 promoter
from the pIZTV5-His vector.
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aagcagtggtatcaacgragagtacgcggggggtagatcgtgagccattgcagttgtgtt
gcattcactttgtttgctttgttttgaacgtagtgctgaacaaatttgaactgtgetgtyg
ATTTITATACTATAAAA4TAATAAATYAATTATTAAATCTYCYTTYAAATYTYYATTAYTT
tgcgactaagggaatgagtagtgagccagaaaaATGCACAAGCACAAMAGGCTACTCCTG
M L L L
CAGAAGTATCAGCAGGACATCATTGATGATCTAGATGTCGCATACGTCTACGATGAALTG
Q0 K ¥ ¢ g p I I b B L D ¥ A Y V¥V ¥ D E L
TTTGCCAACCACGTTATTTCAGCTCAAGAGUTCGATCGCATGTTCAGTCTTACCGACTCGE
F A K HV I 5 A E E VYV DRM F s L T T R
ATCGACCAAACTCOOTTTCTATTAGACTCOTTGATTCOCAATGUTACCAACGGUACATAT
I bpbg TR FL L DS L I RNGTNG T Y
CAACTTTTTGTAGACAGCCTCCAAAAGCGACTACGCCTGCOCTTTGGGAGAAATTCCCTATT
R v F ¥V I 5 L Q@ KD Y G W L wWw E K L A I
GAGAATAATAATCCGATOCCTGATGATAGCTTTGACCACAGCCTCAGCAGOGGTCATCTG
AGCTTCCAGGACAGCCTCACC (F2)—
EN N NP M P DD S5 F ED S L S5 R G D V
CCTACACCACCGGATCACCATGTCAGAAGAACGAAACTCCAACAAAATGTAGCACAGAAC

P R P P D HH V R R T K V¥ E G N Vv A& E M
TTGACATTCTTGCAACGGCACAAMACTCCTTGCGCTCCACCGCATGTCAGGTTCACGGAAG
-~ {5 -G5P2)CACGAACGCGAGCTGCCCTACAG  ~ AAGTCCCTTC
L R L L QR HEKV L A L HGWM S5 C 5 (G K
ACATCTGTOOGTCATCAGCGCTTTACGTGACAACCCTGATTTAGTTGCCAGCAALTTCAAT
TGTACACACCACTAGTCG(S " -C5PL)

T C ¥ v I S A L R D N P D L ¥V A 5 N F N
AGCOGTTOTCTTCTOGLTTGAACTTCGLCAACTOTAACACTCATGATCGACATTATTTTCCAA
S ¥V v F W L N F ¢ N C K T D DD I I F Q
CAAACCAAATTACTAAGAAAAGCATCOTCGATGTACACGCAGAATTCGTACATCAACTCG

Qs L R KA S S MY T Q N S M N S
TCAGTTTCTATGTCTAGCATCGGTTCAAATGGCGACAGTCAATCATCTTCTAACTACGAL
5 5 1 N ¢C D S 0 S S 5 N Y D
TCGACAATCAACGACCTTACAGACAAACTGAAGGCACAATTCTATGAACTACCTCTAAAA
W T M N DL R D K L K A Q F ¥ E L P L K
GAATGCCTCCTTGTGCTAGACGAAGTCAATGACAAAAACTGCTTAGAAGCGTTCCACATC

GCGTTCGATATC
E C L L Vv L D N D K K C L E A F D I
GOATCCAAAATTTTGGTCACAACAAGAGATACTAGCGTTCTCGETTCCTGTTCACCACAG
GGATGCAA (F1} —
G C K I L v T T R DT S ¥ ¥V A S C 5 A
ATTATCAAAATAGAAAACACCTTAGAAGAAAAGGAATCCTTGCAAATCTTCGCTCTGTCG
— AGACAGC
I I K I E N $ L E E K E $ L E I F A L 5
CTTGAAGTACCTGTATCGAACTTACCTTGGCAAGCCAAGAAAATCCATGAGCTTTGTAAA
GAACTTCATGGACATAGATT(R2-2,5"-GSP3)
L E ¥V P V5 K L P W Q A KK I HE L € K
GCCACCCCTTTTAACATTGCCCTCATTGGAGCACAACTACCAGAAAACACGGAAAGSCTG
~ CCGAC
G S P F NI G L I G A QL AENTU RER L
ATTGATGACCCAAAAAGATCGAATTACTACGTCAAGGAATTGAAAAAGAAGAATCACTTT
TAACTACTCGGTT(RZ-1)

I DD P KR WMNUY Y ¥V KE L K KK N HF
TCATTCATTCCAATCAATCAAACGTACAATCCGATGAAAACAATCGAAGTATGLATCAAC
s F I P I N Q T Y NUPMKTTIE V¥V C I N
TCTTTAAACCAGAATGTGTTACCATTOTTCAAAAAACTAAAAATCCTGCCTGACAACGTA

L N N vV L P L F K L K I L P D N V
AAAATTTCTGCCARAGTCCTCAGCAAATTGTGGAACAGAGAGGACTCACAAGTGGAATCC
K I & A K Vv L S K L W N R ED S O ¥V E 5§
ATCATCAAAGAGTTACGTACTAAATCTCTTATCATCGAACTGTATGACAGAGATCAGAGA
I M K E L R S K S L I I E V¥V Y DR D Q R
AATTACATOTATGAGATCCATGACCTTATCATGAAGTACTTGAGGAGTTCAGGGGAAGAC

GAGGAGTTCAGGCGAAGAC

N ¥Y M Y E I H D L I M K Y L RS S5 G E D
GATAGCAACAAGCTACATGCTGAGTTCCTAAATAGTTATCALTATAATACTACAAACCCA
G—(F3-1} CTATAATACTACAAACCCA
D $ K K L H A E F L N S Y HY N T TNP
CCGCTAGAAATCATTGATGATGGTTATATCGCCTTTTATATTGGTTACCATATCAAACAC
CCG + (F3-2) C
P L E I I DDGY I A F Y I G Y H I KH
ACGGATAATTACAACGATATCTGGACGTTGTTCAACAAATTGTTCCTGAATTTCAAGTTT
ACGGATAATTACAACCATATCTCCACC— (F3-3)

T DN Y NDMWT L F N KL F L N L K F
TTAGGCAACAAAGTGAGGTTAACCGGACCTGCCGATGTCATCTCGGACCTACAAAACTAT
~ CCGTTGTTTCACTCTGACTGGCC (R1}

L ¢ N KV R L T G P A DV M 5 D L 0 N Y
GAGTCATATATTGTTAAATACGAGCTAGACAAGGAACTCATTAGCAACACTAAAGCTTTC
E S I V K Y E L D K E L I S N K A F
CTCAGCACACATGGGAATGACCTATTCCATTATCCCTGTACTGATATTATCCAAAGTATC

L § T H & MND L FHY P CTODI I Q S5 I
CTACAAAACGAGTCTAAAGCCATACTSTACTCGAAAGCATCOCAAATTGCCCAACAAAAT
L Qg N E & K ¢ I L Y 5 K A 5 0 I A& Q E N
TCCAATAATAATGAGCTGTATTTTGATTTTCTGCATGAACAAAACGTAGATGAAATCAAG
¢ N N N E L ¥ F D F L HE Q N ¥ D E I K
CACTCAACTATTGATGTCAAAGAARAGAT CACAGCTGTGTGCTTTCTTACGGATTACGTT
H 5 T I 0 v K E K I T A ¥ C F L T D ¥ V¥
CTTGTCGGTACTAACTCCGGTOTCATTAAGTTECTTCCACATCGTAACAAACAAGCAAGET
L v ¢ T N § G V¥V I K F F H I V T N K G

AAAGAGCTCCOTGGTACAGCTTCOCCAAT CAAATCGCATCCGOGTOTCTCTAACTAAGAALC
K E L R ¢ T G S P I K W I G Vv & L T K M
CCGCCAGTOOTCOCCGCGCTOGCCTACGATCOCGTCATCAAACTATCOTACGTCCATCAC
P P ¥V ¥V A A L A Y D ¢ V I K L W Y ¥V D D
GTAGACTATGAAGAGAATGAGGATGTTATCGAAGAAGAACCAGAAGAATGCTACAACAAC
v b Y E E N E D V I E E E P E E C Y N N

ACATTTGCTGACGTACAAATCCACGGTTCATACCTAAACTGCAGATCCGGCGAACAATCAA
T F A DV 00 I 0 G S5 ¥ L N CR N A N N E
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CACTACCTTATCATCCACACAAGCAAAAAGATCCACTTCTACGACCCTTCTACAAGLCAA
E ¥ L I M H T S5 K K I D F ¥ D P S5 R 5 Q
AACAACAAAATCTTCAAAACAATTCAGOATTTTCATACAGACAGACAGATCTTOTOTTOT
K N K I F K T I 0 D F D R D R E I L € C
CTCCCTTGCAATTATCATAAGAATGTTATCCTTCCTACCGATGGCCCTOTGAAGAGLGTC
v P C N Y D K N V I ¥V A T D G P V K R V
CAAGTGATCGATTTCAAGACCACCGAACGAATCATTACGTTCCATCAGACTGATATTCTT
E v I DL K TREWR I I TF D ETDI V
TTAGATATGOGTTACTOTTCCCCOUTAGCAACAAAATCATAACGCTAAAACCAAATGAGATT
L b M V T V¥ P R $§ N K I I T L K P N E I
ATCGAGCATGAAATCAGTAGATCTCACACAAGTACAATCAAGAACACGTGTTOTTGLCGA

M E R 5 H T 5 T I K N T C C C R
COAGTTATTACAAGTAATCACATTAAAGACAACATGTCOTTCATTGCAATCOGLTGTCAAT
RV I T % N D I K D N M 5§ F I A I A ¥V N
AAAACTCCGAACCCTACTCTGTCOTTGCTACTCATCATAGCAGGGTCOTTTCGTGTTGATCTC
K & ¢ T L L €V A T DD 5 R V V C V¥V D L
AAGACTTATACCAGCTGTTTTCATCTGOAAAATACAAGGGGUAACCTACTAGCAATGGCA
K T ¥y T R C F D L E N R R G N V V A M A
ATCAGCCAGATCATCGTATCATCAATTCCAGCCACCGTCTGACGTACTACTAACAGGCACT
M $ EM M Y D EF E P G 5 D V L L T G T
CGATCTATTGAAGACTCTCCTAAAGTATGOTACTTGCGACGCTTCATACATCTCACAAACT
4 5 I E D S A K V W Y L D A S Y I 5 Q T
CCOCAACGGAATOOOAGACTACOTCTAACAACCAAATTCOACOTGACTTTCCTCAALCLT
A QR N G R ¥V R L T T K F DV S F L N P
CTATCGCCTCACACACCAAACTCACCGACTCCAATTACGTAACTCTCAAACTGTACACTCA
L 5 P H TP N S5 P TP I 5 N S5 E T V¥ H S
ACCCCAAAMAMAGACATCAATCATTTAACCATAGAGAGOTCCAACCTAAAATGGTACTTAAA
T P K R H g S F N H R E ¥V Q P KK M VvV L K
AACTCAATGAGCTTACATAGAAGTGUTCTARAGCCCTTGAATTTGAAAGGGATCTGCAAT
N § M S L DR S A L KP L N L K G I €N
AACAACGAAGGTGTGCTCCAGCCTTTACTAGCTOTTGTTGATGATAAGAATAATATTCAG
N N E G V¥V L ¢ P L L A ¥ ¥V D D K NN I Q
CTAATGCOCGGCAGAAAGGTCCTAACAGAAATCACAGAGCGATCAGATAAATCCGAAAGT
v M R ¢ R K ¥ L T E I T E R § D K S E 35
ATTACAAGAGTAAACGATCTCTCCATCCAATCAGTACATCATTTACCGGLTTAAATCCGGT

1 v K I & P C N QO ¥ I I Y G L K 5 G
ATAGTAAAGAAATACACACTTCOOACTAAACAAACTOTACCAATAATGCATOTTTATAGE
I v K K ¥y T L R T K E T ¥ P I M D ¥V Y 5
CCAGTGCAATATTTCAACTTCOTTAATCCCAACTTACTCATTOTGCCTCCAAACAACALCG

P ¥V O Y L N N N L L I ¥V A G K N T
TOCCTTATGOCCTATAAACTAACCACTATTOGAGATTOOAAGCCTOAAATCATGCAGAGA
c L M A Y K L T T I G D W K P E MM Qg R
CGOGTAACTCCAATCTTOGTTCCCAAGAAATACTTAATGATATTCAGGGTATCCCCAAAAAG
¢ N S N L G5 Q E I L NDTI QG TI P K K
AATGOTCACTCAGAAAAACTGTCCAGTTCTAGCACTGAAACAAGCTTAACTTCCCAAGGC
N G H 5 E K L § & & 5 5 E T 5§ L T 5 G G
AGGATCTTCAGATGTCGAAGAGTACAAGAGTATTTCTAAGGGCAGTOGTCTTGTCGAATGT
R I F R CE E Y K S I € K G S ¢ L ¥ E €
TTCTGGLTCAAAGATCTGOGCOTCATTACAGTTCAATTTAACGCTACCATCAAGTTATGG
Foow K D ¢ v I T ¥ E F N A T I K L W
AACAAGAATTTAAATCTACAAACAATACTGAACCGCGAAGACAGTCTOATCOTGTACATTALT
N K N L N L ¢ T I L N G R ¢ S D V Y I T
TCOGCTGCTTTACAAAATAATATCCTTCTCATTTCTGATCGOAAGAATACTACCTTTCAG
5 AAA L QN N I L V I €D R K N T T F Q
ACATTTGAACTCAAAATTAATCATGCCCTCCAACTACATACTATCCAACAGTACAGACTG
T F E L K I N O G V E L H T I E E Y R L
AACAACGTOGATTGTOGTCOTOGCOATCTCACTTCACACGGUGAACATTCTACGCGTTAGGACTC
N N ¥V I ¥ 5 €C D L T 5 D ¢ N I L A L G L
CACTCTCGGAATGTTCTGOTATCCAACCTCCGACCTCCACGTCAACTATCGCCTACTAAAG
D5 G NV V¥V ¥V W N V R G R R Q L C L L K
CACCACAAGTCTAAACTCCACTCATGTTCATTCTCOCCCOTCCCTOAACCTTCCAACCGL
H H K S5 K ¥ H s C S F 5 P ¥ P E R S5 N R
AACTCGATGACCTCATCACCGCATCTCGATACAATCACCGTATCACTTGTCTACCTCACAG
N 5 M T H ¥ H L 5§ T 5 Q
CATGATGACGTAGACAGTCAGCAGCCOCCATTACTACTOOTTACCATGGCAACGGAGATT

TAGACAGTGAGCAGCCGCCATTAG— (37 C5P1)
00DV D S E Q P P L VW vV T M A T E I
CTTTGGTCGGAATATLACGCATCOTTATGAAGCCLCCAAAGTATAAGATTCCGGAAGAGGAAC

¥ W w N I T H ¥V M K A P K Y K I G K R N
TACAACGTAATGACCCCACTACGCAGTCCGTTACAGAATAGATGTGAGACGCCCAATACC
¥ N v M T P L G S P L E NI R CET P N T
AGTCTAAACCACTCCAACTCAGCCACTTCAGCCAACTCGCCCAAGTCCAACTATTTCTTC
S L N H $§ N S A T S A N § P K S5 N Y F F
COAGATCCOGGACTTLTTACCGCAGCAGTGLTGLAAGGCTCTTTGCACACCAAAATCATGT
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TTATCAGGTATGCACGCG

K R G 5 K R K E I L A C I K L 5 G M H A
AACAGACTGAGTCATCACGAAAAGTTCTCATGTITCGTCACAGTACACAACCCTGGACAT
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caactgtattacaaaagtgtaaggetgataatttattatacgaattcacgacttegetge
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gcataaatcttatgaagttatggctcaaactagagttttatgaataacaattactttaag
ataacgaatactacaaaataaatgatctgctcaazaaaaaaaaaaaaaaacactgtcaty
ccgttacgtageg

Figure 1. Sequence of Sl-apaf-1 cDNA and predicted amino acids. The complete cDNA consists of 5221 bp and contains an

open reading frame of 4626 bp that encodes 1542 amino acids. The start codon and stop codons are underlined.

2.3. Structure and Phylogenetic Analysis of the SI-Apaf-1 Protein

The I-Tasser server (https://zhanglab.ccmb.med.umich.edu/I-TASSER /) was used
to predict the tertiary structures of the putative Sl-Apaf-1 protein [30]. PyYMOL software
version 1.8.0.0. (http://www.pymol.org/) was used to visualize the protein structure,
and the subdomain schema was made by DOG software (Domain Graph, version 1.0,
http://dog.biocuckoo.org/). For phylogenetic analysis, 10 homologous Apaf-1 proteins
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sequences were download from GenBank. MEGA version 7.0.21 was used to construct the
tree (bootstrap test: 1000 replications; model: Amino: Poisson correction; gaps: treated by
pairwise deletion) [31].

2.4. Cell Transfection and RNA Interference of SL-1 Cells

The SL-1 cells were seeded into 6-well plates at 5 x 10° cells/well and were cultured
overnight. Cells in each well were transfected with 2 pg of plasmid and 8 pL of cellfectin
reagent II (Invitrogen, Palo Alto, CA, USA) according to the manufacturer’s protocol. The
cells were continuously cultured for 48 h for detection. For RNA interference, siRNA
sequences that target Sl-apaf-1 mRNA were designed (Table 2) and were synthesized by
GenePharma (GenePharma Co., Ltd., Shanghai, China). These siRNAs (40 pmol per well)
were transfected into SL-1 cells using cellfectin II (Invitrogen) and total RNA was extracted
using the TRIzol Reagent (Applied Invitrogen, Carlsbad, CA, USA). One microliter of total
RNA sample was used for the synthesis of first strand cDNA with PrimeScript RT regent kit
(Takara, Shanghai, China). A 15-ng cDNA sample, which was reversely transcribed from
total RNA, was used as template for gRT-PCR with SYBR Premix Ex Taq II Kit (Takara). SI-
apaf-1 and glyceraldehyde-3-phosphate dehydrogenase (gapdh, HQ012003) were amplified
using specific primers (see Table 1). qRT-PCR was performed on a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The gqRT-PCR conditions were as
follows: pre-denaturation at 95 °C for 1 min, followed by 95 °C, for 10 s, and 60 °C for
30 s and 40 cycles. Fluorescent signals from each sample were collected at the end of
each cycle. The expression level of Sl-apaf-1 was normalized according to the internal
GAPDH control [32], and results were plotted as relative values. The fold changes between
the treated groups and a normal control were calculated using the 2~42¢T method [32].
gRT-PCR was repeated in triplicate for each sample.

Table 2. SiRNAs used in this study.

siRNA Sequences (5'-3')
Control UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT
siRNA_1 GGAUGUUAUCGAAGAAGAATT
UUCUUCUUCGAUAACAUCCTT
siRNA_2 GCUUCAUACAUCUCACAAATT
UUUGUGAGAUGUAUGAAGCTT
siRNA_3 GGGCGUCAUUACAGUUGAATT

UUCAACUGUAAUGACGCCCIT

2.5. Western Blot Analysis

Actinomycin D (Act D) is a well-known clinical antitumor drug that can induce the
apoptosis of HepG2 through the Fas- and mitochondria-mediated apoptosis pathway [33].
It can also induce extensive and rapid apoptosis in the cells of lepidopteran insects [34].
SL-1 cells were treated with 500 ng/mL Act D (Sigma, Saint Louis, MO, USA) for 6 h. The
total protein of cells was extracted with RIPA Lysis Buffer (Beyotime, Shanghai, China)
and was quantified with BCA protein assay (Pierce Biotechnology, Rockford, IL, USA).
A total of 40 ug of each sample was separated by 10% SDS-PAGE and was transferred to
0.45 pm Immobilon-P PVDF membranes (Millipore Corporation, Billerica, MA, USA). The
membranes were blocked with TBST buffer (25 mM Tris, 150 mM NaCl, 0.02% Tween-20,
at a pH range of 7.2-7.5) and 5% non-fat milk for 40 min. After washing three times with
TBST buffer, the membranes were incubated with primary antibodies against Sl-caspase-1
and actin (Cell Signaling Technology, Danvers, MA, USA) at a 1:2000 dilution in 1% BSA
for 2-3 h. After washing with TBST, the membranes were further incubated at room
temperature for 1 h with horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling Technology) in blocking buffer and were then stained with ECL Plus (Beyotime).
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2.6. Microscopy

The transfected cells were digested and replanted in 6-well plates with cover glass.
After the cells had adhered to the cover glass, they were washed with PBS buffer once
(0.24 g NaH;POy4, 1.44 g NagHPOy, 8 g NaCl, and 0.2 g KCl in 1 L water, at pH 7.4), and
fixed with 40% paraformaldehyde for 10 min. Then, cells were washed with PBS once, and
stained with 0.1 ug/mL 4’,6-diamidino-2-phenylindole (DAPI) in PBS for 10 min. After
staining, the cells were washed three times with PBS, and samples were mounted with
glycerol/PBS (4:1). Then, cells were observed under a Leica TCS SP5 inverted confocal
laser scanning microscope equipped with an argon-helium-neon laser light source (Leica
Microsystems GmbH, Solms, Germany).

2.7. Flow Cytometric Analysis

SL-1 cells were transfected with pIE2-SIApaf-1-EGFP plasmid or siRNA targeting
Sl-apaf-1 for 48 h. Then, cells were treated with 500 ng/mL Act D for another 4 h. The
cells were washed with PBS buffer twice, and 10° cells were collected in 1.5 mL Eppendorf
tubes by centrifugation at 500 g for 2 min. The cells were stained with Annexin V-APC/PI
apoptosis detection kit (KeyGEN BioTECH, Nanjing, Jiangsu, China). Then, the stained
cells were analyzed on a BD Coulter Epics flow cytometer (Beckman Coulter Inc., San
Diego, CA, USA).

2.8. Expression and Purification of Proteins in E. coli

The encoding sequences of the caspase recruitment domain of Sl-Apaf-1 (named SI-
Apaf-1-CARD, 1-88aa) and Sl-caspase5 (named Sl-caspase5-CARD, 1-132aa) were amplified
with specified primers (Table 1) and cloned in the pET-22b vector with Nde I and Xho I.
The CDS of Sl-caspase-1 and Sl-caspase-5 were also amplified with specific primers (Table 1)
and cloned into the pET-22b vector. To prevent procaspase-1 self-cleavage at high concen-
trations, the C178 in Sl-caspase-1 was used to perform mutation, using the QuikChange II
site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA), and the expressed protein
was named Sl-caspase-1 (C178A). All proteins were expressed with His tag.

The expression vector was transferred into E. coli BL21(DE3), and the strain was
cultured in 3.2 L Luria-broth (LB) media with 100 pug/mL ampicillin at 37 °C for 3 h until the
ODg(p value reached 1.0, then, induced by 0.4 mM isopropyl-1-thio-D-galactopyranoside
(IPTG) at 28 °C for 24 h. To prevent procaspase-5 auto-activity, E. coli BL21 with caspase-5
expression vector was induced with IPTG at 28 °C for only 45 min. The cells were harvested,
flash frozen in liquid nitrogen, and stored at —80 °C.

For the purification of the His tagged protein, E. coli cells were washed and re-
suspended in 50 mL binding buffer (300 mM NaCl, 50 mM Tris, 20 mM imidazole, 2 mM
PMSE and 1 mM dithiothreitol, at pH 7.9). The bacterial cells were lysed with an ultra-high-
pressure homogenizer at 1.2 x 10° Pa three times at 4 °C. The cell lysate was centrifuged
at 20,000 g for about 1 h to remove cellular debris. The fusion protein was purified by
Ni-affinity resin (Merck-Novagen, Darmstadt, Germany) with elution buffer (300 mM
NaCl, 50 mM Tris, 200 mM imidazole, 2 mM PMSF, and 1 mM dithiothreitol, at pH 7.9).
The proteins were further purified on a superdex 16/60 200HR gel filtration column (GE
Healthcare, Pittsburgh, PA, USA) with HEPES buffer (50 mM HEPES, 150 mM NaCl, DTT
2 mM, at pH 7.5). Purified proteins were then lyophilized and stored at —80 °C.

2.9. Protein Cleavage Experiments

The reaction was conducted at 28 °C for 30 min with 10 nmol dATP, 0.5 pg purified
Sl-proaspase-5, 2 ug purified Af627, and 10 ug purified Sl-procaspase-1 (C178A) protein in
the reaction buffer (100 mM KCIl, 20 mM HEPES, 5 mM DTT, at pH 7.5) [12]. The reaction
was stopped by adding 5x SDS-loading buffer and the mixture was boiled at 100 °C for
5 min. The reaction products were subjected to 12% SDS-PAGE. The results were visualized
by Coomassie blue staining.
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2.10. Isothermal Titration Calorimetry Assay

The concentration of the Sl-Apaf-1-CARD protein was adjusted to 50 uM and the SI-
caspase-5-CARD protein was adjusted to 450 M with reaction buffer. The reaction buffer
consisted of HEPES 10 mM, NaCl 100 mM, DTT 2 mM, at pH 7.4. The isothermal titra-
tion calorimetry assay (ITC) was performed with a VP-ITC isothermal titration calorimeter
(GE Healthcare, Piscataway, NJ, USA). Parameters include: total injection 20, cell temperature
20 °C, reference power 5, initial delay 60 s, and stirring speed 500 RPM. The data were
analyzed using ORIGIN 7.0 (OriginLab Corporation, Northampton, MA, USA).

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad PRISM® software version 6.0
(GraphPad Software Inc., San Diego, CA, USA). Data are expressed as the means =+ SD.
The results were considered statistically significant if p < 0.05 was obtained by the Student’s
t-test.

2.12. GenBank Accession Numbers
Sl-apaf-1: MT793718; Sl-caspase-1: IN794535; Sl-caspase-5: JQ768051.

3. Results
3.1. Sequence and Phylogeny of SI-Apaf-1

The complete cDNA sequence of S. litura Apaf-1 was 5221 bp (termed as Sl-apaf-1)
containing a 4626 bp open reading frame. The sequence encoded 1542 amino acids, a 0.2 kb
untranslated region at the 5" end, and a 0.4 kb untranslated region at the 3’ end (Figure 1). The
deduced Sl-Apaf-1 has a computed molecular mass of 175.8 kD. Domain analysis with SMART
indicated that the Sl-Apaf-1 protein contains the CARD domain at the C-terminus, followed by
a NOD domain, and two WD domains at the N-terminus (Figure 2A). The predicted tertiary
structure of Sl-Apaf-1 is shown in Figure 2A. The structure of the SI-Apaf-1-CARD domain
is displayed on the left (C-score = 0.4, TM-score = 0.77 +£ 0.1) and the structure of Sl-Apaf-1
without CARD domain is displayed on the right (C-score = —0.81, TM-score = 0.61 & 0.14).

B
NOD Regulatory region
CARD _ NBD _ HD1 WHD _HD2 Wo1 WD2
e ©i|124298001|Mus muscuius
1 8808 208 364 330 46T 603 640 78 1417 1542 100 ©i|13027436|Ratius norvegicus
ik sapiens Vertebrata
180 gI|148231 147\ Xenopus laevis
il18858279|Danjio reria
gk
¥ 9i35761.
PP 9il3 mori Lepidoptera
53 @ Spodoptera fitura
oo QilAYM | exigua
[ Drosophil | Diptera
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Figure 2. Predicted tertiary and domain structures of Sl-Apaf-1 protein and corresponding phylogenetic tree. (A) is a

schematic representation and prediction of the tertiary structure of the Sl-Apaf-1 protein. Subdomains are color coded, and

linkers are shown in orange. I-Tasser was used to predict the tertiary structures of the putative Apaf-1 protein, the first of

model was the most accurate and was therefore used for analysis. (B) Evolutionary tree of the Apaf-1 protein based on the
neighbor-joining method with MEGA 7.0.21 software.

To identify the evolutionary relationship between Apaf-1, Apaf-1 from mammals,
lepidopteran, dipteran, and nematodes were downloaded and a phylogenetic tree was
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constructed. Surprisingly, Apaf-1 from lepidopteran and mammals were located on the
same large branch of the phylogenetic tree, while the Apaf-1 from D. melanogaster and C.
elegans (CED4) were located on another large branch (Figure 2B).

Sequence alignment of amino acids of Sl-Apaf-1 with other orthologous proteins
showed that it has a high homology with proteins from noctuid insects and a moderately
high homology with proteins from other lepidopteran families, and shows no homology
with proteins from other orders (Supplementary Figure S1 and Table S1). For example,
the protein sequences of Sl-Apaf-1 shared 92% identity with Spodoptera exigua Apaf-1, 60%
identity with B. mori Apaf-1, 58% identity with P. xylostella Apaf-1, and only 19% identity
with D. melanogaster Dark.

3.2. Effect of Silencing Sl-apaf-1 Expression on Act-D-Induced Apoptosis

To determine the function of Sl-Apaf-1, three siRNA were designed and synthesized
(Table 2). SL-1 cells were transfected with the siRNA and control siRNA. The expression
levels of Sl-apaf-1 decreased 26.7%, 44.3%, and 20.3% against the control after treatment
for 48 h, and siRNA-2-treated cells had the lowest expression level (Figure 3A). Then,
the cells were treated with Act D at a final concentration of 500 ng/mL for a further
6 h. DAPI staining showed that the numbers of nuclear body fragments (a phenotype
of apoptosis) in the siRNA-2 treatment group and the untreated group (DMSO) were
significantly lower than in other groups (Figure 3B). Next, the apoptosis percentage of
SL-1 cell treated by Act D at 500 ng/mL for 4 h were measured. The apoptotic rate of
the siRNA-2-treatment group was significantly lower than that of the untreated group
(p = 0.011, Figure 3C). Furthermore, the activities of Sl-caspase-1 were also detected by
rabbit anti-Sf-caspase-1 antiserum. Cleavage of Sl-caspase-1 protein in Act D + siRNA-
2-treated cells was undetectable. However, in the Act D, Act D + siRNA1, and Act D +
siRNA3 treatment groups, the Sl-caspase-1 P19 subunit and/or the P25 subunit could
be detected (Figure 3D). These assays showed that siRNA-2 effectively interfered with
Sl-apaf-1 expression, and the decrease of Sl-apaf-1 expression protected SL-1 cells from
Act-D-induced apoptosis.

B
P=0.011 o'l i «* | ActD + control "
D
£=0.01
P=0.62 el
DMSO ActD +siRNA_1 +siRNA_2 +siRNA_3
— A - ‘ Procaspase-1
ey (P35)
Subunit P25
Subunit P19
— - Actin
< S 3
X & Nl
L J goo \QS\

Figure 3. RNAI analysis of the apoptosis activator of SI-Apaf-1. (A) Analysis of the Sl-apaf-1 expression levels by qRT-PCR;
(B) Microscopic analysis of SL-1 cells; (C) FACS analysis of SL-1 cells treated with Act D; (D) Western blot analysis of
Sl-caspase-1 activation. Original Western blot see Figure S5.
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3.3. Sl-Apaf-1 Overexpression Promoted Apoptosis

To confirm the apoptosis activation ability of Sl-Apaf-1, SI-Apaf-1-GFP was transiently
expressed in SL-1 cells. Microscopic analysis showed that the SI-Apaf-1-GFP fusion protein
was expressed in the cytoplasm of SL-1 cells at a transfection efficiency of about 16%,
and GFP protein was expressed in the whole cell at a transfection efficiency of about 30%
(Figure 4A). Once the transfection efficiency was confirmed, cells were treated with Act
D (at final concentrations of 500 ng/mL for 4 h) for FACS analysis. The rates of apoptotic
cells in the Sl-Apaf-1-GFP expression group (42.16% =+ 6.32%) were far higher than in the
GFP expression group (19.41% =+ 1.49%) when treated with Act D (Figure 4B,C). These
results indicated that overexpression of Sl-Apaf-1 significantly promoted Act-D-induced
apoptosis of SL-1 cells. Interestingly, the transient expression of Sl-Apaf-1 in SL-1 cells
without stimuli did not have an apoptosis promoting effect (Supplementary Figure S2).
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Figure 4. Sl-Apaf-1 overexpression in the SL-1 cell line. (A) Microscopic analysis of Apaf-1-GFP expression in SL-1 cells;
(B) FACS analysis of SL-1 cells transfected with Apaf-1 overexpression vector, Left: Normal SL-1 cells; Middle: SL-1 cells
transfected with GFP expression vector; Right: SL-1 cells transfected with the SI-Apaf-1-GFP fusion expression vector;
(C) Act-D-induced apoptosis of SL-1 cells when Sl-Apaf-1 was overexpressed.

3.4. Sl-Apaf-1 Activation of Caspase-5—Caspase-1 Pathway In Vitro

Apaf-1is a caspase activator which activates the initiator caspase; the subsequently
effector caspase is cleaved in mammalian cells. To detect whether Sl-Apaf-1 can activate
the caspase initiator in lepidopteran insect cells and relay the caspase cascade, the Sl-
Apaf-1 protein fragment (Af627) was expressed and purified. This fragment contains a
CARD domain and a NOD domain (627 amino acids). Sl-procaspase-5 (a homologue of
mammalian caspase-9), and Sl-procaspase-1 (a homologue of mammalian caspase-3) in
E. coli and were used to investigate whether Sl-Apaf-1 could induce caspase activation.
As shown in Figure 5A, lanes 2 and 3 indicated that Sl-procapase-5 could not directly cleave
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the Sl-procaspase-1 in the absence of Sl-Apaf-1. In contrast, SI-Apaf-1 could not directly
activate Sl-caspase-1 without Sl-capase-5 and dATP (lanes 4 and 5 in Figure 5A). Only in
the presence of Sl-capase-5, could ATP and Af627 activate Sl-caspase-5, thus leading to the
processing of Sl-caspase-1 and the generation of a large subunit (of approximately 19 kDa)
and a small subunit (of approximately 12 kDa) of caspase-1 (lane 6). These data showed
that Sl-Apaf-1 regulated the activation of Sl-caspase-5, and the active Sl-caspase-5 cleaved
and activated the downstream Sl-caspase-1.
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Figure 5. Sl-Apaf-1 triggers Sl-caspase-5 activation in vitro according to the ITC assay. (A) Sl-Apaf-1, Sl-caspase-5, and
Sl-caspase-1 (Caspl) were expressed and purified. These proteins were incubated under different treatments and then

separated by SDS-PAGE analysis. Activity was assayed by cleavage of Sl-caspase-1. Sl-caspase-1 is shown in lane 1.
Sl-procaspase-5 could not directly activate the Sl-caspase-1 (lines 2 and 3). Sl-Apaf-1 could not directly trigger Sl-caspase-1
activation in the absence of ATP and procaspase-5 (lanes 4 and 5). Only in the presence of both procaspase-5 and dATP,
could Sl-Apaf-1 activate Sl-caspase-1, which lead to the processing of Sl-caspase-1 to generate the p19 large subunit and
the p12 small subunit (see lane 6). (B) ITC assay of the interaction between the Sl-Apaf-1-CARD domain protein fragment

and the Sl-caspase-5-CARD domain protein fragment. Upper panel, interaction of the Sl-Apaf-1-CARD domain with the

Sl-caspase-5-CARD domain. Lower panel, control: Reaction buffer interaction with caspase-5-CARD domain. Upper

panel—raw ITC data, lower panel—integrated ITC data with the curve.

3.5. Interaction of SI-Apaf-1 and SI-Caspase-5

The effective binding of Apaf-1 and caspase-5 is essential for the activation of procaspase-
5. Both can bind using the CARD domain in both proteins. The CARD domains of Sl-Apaf-1
(SI-Apaf-1-CARD) and Sl-caspase-5 (Sl-caspase-5-CARD) were expressed and purified with
the E. coli system. The binding interaction between Sl-Apaf-1-CARD and Sl-caspase-5-CARD
was determined by ITC titration. The ITC data showed that Sl-Apaf-1-CARD and Sl-caspase-
5-CARD had a binding affinity of 1.28 x 10° & 0.34 x 10° M1, a AH of —1.55 x 10* 4 0.24
x 10* kcal/mol, and a AS of —24.8 + 8.6 cal/mol/deg, which were appropriate values. The
stoichiometry of the two proteins was 1, which is consistent with the known binding model
in mammals (Figure 5B). Clearly, these thermodynamic parameters reflected the ability of
the specific binding between Sl-caspase5-CARD and Sl-Apaf-1 CARD, which supports the
hypothesis that SI-Apaf-1 was an activator of Sl-caspase-5.
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3.6. Sl-Apaf-1 Promotes Apoptosis in Both Insect and Mammalian Cells

To determine the functional conservatism of Sl-Apaf-1, Sl-Apaf-1 was over-expressed
in Lepidopteran cells (S{9) and mammalian cells (U20S). FACS assay of transfected cells
was performed after treatment with 500 ng/mL Act D for 4 h. The results showed that
overexpression of Sl-Apaf-1 significantly promoted apoptosis in both cells. For both, the
apoptosis rate was promoted by over 20% (22.02% for Sf9 cells and 32.33% for U20S cells)
when compared with EGFP-overexpressing cells (Figure 6A,B).
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Figure 6. Act-D-induced apoptosis of insect cells (Sf9, (A)) and mammalian cells (U20S, (B)) when
Sl-Apaf-1 was overexpressed.

4. Discussion

Apaf-1-mediated apoptosis signaling transduction has been well-characterized in
mammalian cells [10]. Although the role of the Apaf-1 homologue, Dark, in apoptosis
and development have been extensively studied in Drosophila [35-38], the function of
Apaf-1 in the apoptosis of Lepidopteran insect cells remained unknown. The present study
identified an apaf-1 in S. litura, named Sl-apaf-1, which represents a new member of the
Apaf-1 family. Apaf-1 from lepidopteran and mammals was located on the same large
branch of the phylogenetic tree and sequence analysis showed that the Sl-Apaf-1 contains
three domains: a CARD domain, as well as NOD and WD motifs. It is likely that SI-Apaf-1
exerts a conservative function during apoptosis (Figure 2). To determine whether Sl-Apaf-1
is involved in the apoptosis of SL-1 cells, Sl-apaf-1 was silenced by RNAi, which decreased
the apoptosis level induced by Act D, and Sl-caspase-1 cleavage was also inhibited in the
cells (Figure 3). Moreover, Act D induced apoptosis in SL-1, 59, and U20S cells, which
could be further strengthened by over-expression of Sl-Apaf-1 (Figure 4). These results
indicated that Sl-Apaf-1 is important for apoptosis in lepidopteran cells.

In the mitochondria-mediated apoptosis pathway, it is clear that Apaf-1 is an adaptor
molecule that interacts with cytochrome c through its WD-40 repeats, while it recruits and
activates procaspase-9 through its CARD. In Drosophila, studies have demonstrated that
Dark plays a central role during apoptosis and appears to act independent of cytochrome
¢ [35,38]. In this study, Apaf-1 from both lepidopteran and mammal cells was located on
the same large branch of the phylogenetic tree, while Dark was located on another branch
(Figure 2). Sequence analysis showed that Sl-Apaf-1 has a higher sequence similarity
with mammalian orthologous protein than Dark, and Sl-Apaf-1 shared no homology with
Dark. Based on our previous report on cytochrome c [26], the release of cytochrome c is
an important step during the apoptosis of S. litura cells. Furthermore, Sl-Apaf-1 could
not promote apoptosis if it was overexpressed in Sf9 cells without stimuli. It is likely
that SI-Apaf-1 functions in a similar way with mammalian Apaf-1 during apoptosis, and
cytochrome cis an important factor for the activation of SI-Apaf-1. The interactions between
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Apaf-1 and cytochrome c were tested, and they could co-localize in human U20S cells by co-
transfection with plasmids expressing Sl-Apaf-1 or S. litura cytochrome ¢ with fluorescent
biological labels (Supplementary Figure S3). However, because of the low level of Apaf-1
in SL-1 cells and the difficulty to express and completely purify Apaf-1, the evidence to
demonstrate that cytochrome c activates mitochondrial apoptosis by binding Apaf-1 was
insufficient. More studies are needed to clarify this point.

As an adaptor or activator, in mammals, Apaf-1 stimulates caspase-9 activation
through the CARD domain and formed a 1:1 complex between the CARD domains of
Apaf-1 and caspase 9 [7,39]. Interaction between Apaf-1 CARD and caspase-9 CARD is
indispensable for caspase-9 activation, which, in turn, promotes caspase-3 activity. In this
study, ITC assay showed that the binding affinity for the SI-Apaf-1-CARD/Sl-caspase-5-
CARD was relatively high and had a stoichiometry of 1:1. This indicated that Sl-Apaf-1
and Sl-caspase-5 have binding potential under certain conditions (i.e., in the presence of cy-
tochrome c and dATP, Figure 5). It has been reported that activated caspase-5 (Dronc) could
directly activate caspase-1 and promote apoptosis in S. frugiperda, B. mori, and Lymantria
dispar [29,40,41]. Furthermore, the present study showed that auto-activated Sl-caspase-5
could cleave the Sl-caspase-1 in another assay (Supplementary Figure S4). Interestingly,
Af627 (i.e., Sl-Apaf-1 without the WD40 domains) could active Sl-caspase-5 in the presence
of ATP, and this activated Sl-caspase-5 could, in turn, directly activate the Sl-procaspase-1
in the in vitro assay. These results strongly indicated that Sl-Apaf-1 follows the classic
model of the mitochondrial apoptosis pathway in mammals.

5. Conclusions

An apaf-1 homolog gene from S. litura was identified and designated as Sl-apaf-1.
Sl-Apaf-1 can bind and activate Sl-caspase-5. These results indicate that SI-Apaf-1 plays
a key role in apoptosis, suggesting that the apoptosis pathway is conserved between
Lepidopteran insects and mammals.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
450/12/1/64/s1. Supplementary Figure S1: Multiple sequence alignment of Sl-Apaf-1 and other
orthologous proteins, Figure S2: Sl-Apaf-1 overexpression induced apoptosis in SL-1 cell line, Figure
S3: Co-localization of SI-Apaf-1 and Sl-cytochrome c in a human U20S cell. Apaf-1 is expressed with
EGFP (green) tag and Sl-cytochrome c is expressed with mOrange?2 (red) tag, Figure S4: Sl-caspase-5
directly cleaves Sl-caspase-1, Figure S5: Original Western Blot of Figure 3D, Table S1: Similarity of
Sl-Apaf-1 protein with orthologous proteins by BLAST analysis.

Author Contributions: Conceptualization, ].P; investigation, H.M., X.Y., L.Y,, ].S., and ].Z.; resources,
R.P. and Y.Y,; data curation, HM. and J.P; writing—original draft preparation, H.M and ].P.; writing—
review and editing, HM. and K.L.; supervision, K.L. and J.P.; project administration, J.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (31672355).

Acknowledgments: The authors thank Pingyong Xu from the Institute of Biophysics, Chinese
Academy of Sciences, Beijing, China, for his help with cell photography.

Conflicts of Interest: The authors declare no conflict of interest.

1. Stteller, H. Mechanisms and genes of celluar sucid. Science 1995, 267, 1445-1449. [CrossRef] [PubMed]

2. White, E. Life, death, and pursuit of apoptosis. Gene Dev. 1996, 10, 1-15. [CrossRef] [PubMed]

3.  Singh, R;; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat.
Rev. Mol. Cell Biol. 2019, 20, 175-193. [CrossRef] [PubMed]

4. Nagata, S. Apoptosis by death factor. Cell 1997, 88, 355-365. [CrossRef]

o1

Krammer, P.H. CD95’s deadly mission in the immune system. Nature 2000, 407, 789-795. [CrossRef]

6.  Strasser, A.; Jost, PJ.; Nagata, S. The many roles of FAS receptor signaling in the immune system. Immunity 2009, 30, 180-192.

[CrossRef]


https://www.mdpi.com/2075-4450/12/1/64/s1
https://www.mdpi.com/2075-4450/12/1/64/s1
http://doi.org/10.1126/science.7878463
http://www.ncbi.nlm.nih.gov/pubmed/7878463
http://doi.org/10.1101/gad.10.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8557188
http://doi.org/10.1038/s41580-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30655609
http://doi.org/10.1016/S0092-8674(00)81874-7
http://doi.org/10.1038/35037728
http://doi.org/10.1016/j.immuni.2009.01.001

Insects 2021, 12, 64 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Qin, H.; Srinivasula, S.M.; Wu, G.; Fernandes-Alnemri, T.; Alnemri, E.S.; Shi, Y. Structural basis of procaspase-9 recruitment by
the apoptotic protease-activating factor 1. Nature 1999, 399, 547-555. [CrossRef]

Raducka-Jaszul, O.; Bogustawska, D.M.; Jedruchniewicz, N.; Sikorski, A.F. Role of extrinsic apoptotic signaling pathway during
definitive erythropoiesis in normal patients and in patients with beta-Thalassemia. Int. J. Mol. Sci. 2020, 21, 3325. [CrossRef]
Zou, H.; Henzel, W.J; Liu, X,; Lutschg, A.; Wang, X. Apaf-1, a human protein homologous to C. elegans Ced-4, participates in
cytochrome ¢ dependent activation of caspase-3. Cell 1997, 90, 405-413. [CrossRef]

Yuan, S.; Akey, C.W. Apoptosome structure, assembly, and procaspase activation. Structure 2013, 21, 501-515. [CrossRef]
Yadav, N.; Gogada, R.; O’'Malley, J.; Gundampati, R.K.; Jayanthi, S.; Hashmi, S.; Lella, R.; Zhang, D.; Wang, J.; Kumar, R.; et al.
Molecular insights on cytochrome ¢ and nucleotide regulation of apoptosome function and its implication in cancer. Biochim.
Biophys. Acta Mol. Cell Res. 2020, 1867, 118573. [CrossRef] [PubMed]

Hu, Q.; Wu, D.; Chen, W,; Yan, Z.; Shi, Y. Proteolytic processing of the caspase-9 zymogen is required for apoptosome-mediated
activation of caspase-9. J. Biol. Chem. 2013, 288, 15142-15147. [CrossRef] [PubMed]

Li, YN.; Zhou, M.Y.; Hu, Q.; Bai, X.C.; Huang, W.Y.; Scheres, S.; Shi, Y.G. Mechanistic insights into caspase-9 activation by the
structure of the apoptosome holoenzyme. Proc. Natl. Acad. Sci. USA 2017, 114, 1542-1547. [CrossRef] [PubMed]

Zhang, L.J.; Huang, J.E; Chen, F; Yu, Z.Y.; Wu, Z.L.; Wu, G. Identifications of cytochrome ¢ and Apaf-1 and their mRNA
expressions under heat stress in insecticide-susceptible and -resistant Plutella xylostella (Lepidoptera: Plutellidae). Eur. J. Entomol.
2014, 111, 457-468. [CrossRef]

Wang, X.Y; Ding, X.Y.; Chen, Q.Y.; Zhang, K.X.; Zhao, C.X; Tang, X.D.; Wu, Y.C,; Li, M.E. Bmapaf-1 is involved in the response
against BmNPV infection by the mitochondrial apoptosis pathway. Insects 2020, 11, 647. [CrossRef]

Hamajima, R.; Iwamoto, A.; Tomizaki, M.; Suganuma, I.; Kitaguchi, K.; Kobayashi, M.; Yamada, H.; Ikeda, M. Functional analysis
of inhibitor of apoptosis of the silkworm Bombyx mori. Insect Biochem. Mol. Biol. 2016, 79, 97-107. [CrossRef]

Kumarswamy, R.; Seth, R.K.; Dwarakanath, B.S.; Chandna, S. Mitochondrial regulation of insect cell apoptosis: Evidence for
permeability transition pore-independent cytochrome-c release in the Lepidopteran Sf9 cells. Int. . Biochem. Cell Biol. 2009, 41,
1430-1440. [CrossRef]

Clavier, A.; Rincheval-Arnold, A.; Colin, J.; Mignotte, B.; Guénal, I. Apoptosis in Drosophila: Which role for mitochondria?
Apoptosis 2016, 21, 239-251. [CrossRef]

Ren, X.; Zhang, L.; Zhang, Y.; Mao, L.; Jiang, H. Mitochondria response to camptothecin and hydroxycamptothecine-induced
apoptosis in Spodoptera exigua cells. Pestic. Biochem. Physiol. 2017, 140, 97-104. [CrossRef]

Athar, M. Baculoviral p35 inhibits oxidant-induced activation of mitochondrial apoptotic pathway. Biochem. Biophy. Res. Commun.
2003, 307, 483-490.

Mohan, M.; Taneja, TK.; Sahdev, S.; Mohareer, K.; Begum, R.; Athar, M.; Sah, N.K.; Hasnain, S.E. Antioxidants prevent UV-induced
apoptosis by inhibiting mitochondrial cytochrome-c release and caspase activation in Spodoptera frugiperd (S{9) cells. Cell Biol. Int.
2003, 27, 483-490. [CrossRef]

Xiu, M.H.; Peng, ].X.; Hong, H.Z. Mitochondrial response and calcium ion change in apoptotic insect cells induced by SfaMNPV.
Chinese Sci. Bull. 2005, 50, 1191-1198. [CrossRef]

Liu, L.; Peng, J.; Liu, K.; Yang, H.; Hong, H. Influence of cytochrome ¢ on apoptosis induced by Anagrapha (Syngrapha) falcifera
multiple nuclear polyhedrosis virus (AfMNPV) in insect Spodoptera litura cells. Cell Biol. Int. 2007, 31, 996-1001. [CrossRef]
[PubMed]

Shan, S.; Liu, K; Peng, J.; Yao, H.; Li, Y.; Hong, H. Mitochondria are involved in apoptosis induced by ultraviolet radiation in
lepidopteran Spodoptera litura cell line. Insect Sci. 2009, 16, 485-491. [CrossRef]

Huang, J.; Tian, M,; Lv, C; Li, H.; Muhammad, R.; Zhong, G. Preliminary studies on induction of apoptosis by abamectin in
Spodoptera frugiperda (5£9) cell line. Pestic. Biochem. Physiol. 2011, 100, 256-263. [CrossRef]

Liu, K,; Shu, D.; Song, N.; Gai, Z.; Yuan, Y.; Li, ].; Li, M.; Guo, S.; Peng, ].; Hong, H. The role of cytochrome c on apoptosis induced
by Anagrapha falcifera multiple nuclear polyhedrosis virus in insect Spodoptera litura cells. PLoS ONE 2012, 7, e40877. [CrossRef]
Zoog, S.J.; Schiller, ].J.; Wetter, ].A.; Chejanovsky, N.; Friesen, P.D. Baculovirus apoptotic suppressor P49 is a substrate inhibitor of
initiator caspases resistant to P35 in vivo. Embo. J. 2002, 21, 5130-5140. [CrossRef]

Liu, Q.; Qi, Y.; Chejanovsky, N. Spodoptera littoralis caspase-1, a Lepidopteran effector caspase inducible by apoptotic signaling.
Apoptosis 2005, 10, 787-795. [CrossRef]

Huang, N.; Civciristov, S.; Hawkins, C.J.; Clem, R.J. SfDrongc, an initiator caspase involved in apoptosis in the fall armyworm
Spodoptera frugiperda. Insect Biochem. Mol. Biol. 2013, 43, 444-454. [CrossRef]

Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods
2015, 12, 7-8. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]

Lu, Y,; Yuan, M.; Gao, X.; Kang, T.; Zhan, S.; Wan, H.; Li, J. Identification and validation of reference genes for gene expression
analysis using quantitative PCR in Spodoptera litura (Lepidoptera: Noctuidae). PLoS ONE 2013, 8, e68059. [CrossRef] [PubMed]
Chen, Y.Q,; Liu, J.J.; Yuan, B.; Cao, C.L.; Qin, S.; Cao, X.Y,; Bian, G.K.; Wang, Z.; Jiang, ] H. Methylated actinomycin D, a novel
actinomycin D analog induces apoptosis in HepG2 cells through Fas- and mitochondria-mediated pathways. Mol. Carcinog. 2013,
52,983-996. [CrossRef] [PubMed]


http://doi.org/10.1038/21124
http://doi.org/10.3390/ijms21093325
http://doi.org/10.1016/S0092-8674(00)80501-2
http://doi.org/10.1016/j.str.2013.02.024
http://doi.org/10.1016/j.bbamcr.2019.118573
http://www.ncbi.nlm.nih.gov/pubmed/31678591
http://doi.org/10.1074/jbc.M112.441568
http://www.ncbi.nlm.nih.gov/pubmed/23572523
http://doi.org/10.1073/pnas.1620626114
http://www.ncbi.nlm.nih.gov/pubmed/28143931
http://doi.org/10.14411/eje.2014.064
http://doi.org/10.3390/insects11090647
http://doi.org/10.1016/j.ibmb.2016.10.012
http://doi.org/10.1016/j.biocel.2008.12.009
http://doi.org/10.1007/s10495-015-1209-y
http://doi.org/10.1016/j.pestbp.2017.07.003
http://doi.org/10.1016/S1065-6995(03)00071-4
http://doi.org/10.1007/BF03183692
http://doi.org/10.1016/j.cellbi.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17478109
http://doi.org/10.1111/j.1744-7917.2009.01278.x
http://doi.org/10.1016/j.pestbp.2011.04.010
http://doi.org/10.1371/journal.pone.0040877
http://doi.org/10.1038/sj.emboj.7594736
http://doi.org/10.1007/s10495-005-0365-x
http://doi.org/10.1016/j.ibmb.2013.02.005
http://doi.org/10.1038/nmeth.3213
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1371/journal.pone.0068059
http://www.ncbi.nlm.nih.gov/pubmed/23874494
http://doi.org/10.1002/mc.21943
http://www.ncbi.nlm.nih.gov/pubmed/22821714

Insects 2021, 12, 64 14 of 14

34.

35.

36.

37.

38.

39.

40.

41.

Kumarswamy, R.; Chandna, S. Inhibition of microRNA-14 contributes to actinomycin-D-induced apoptosis in the Sf9 insect cell
line. Cell Biol. Int. 2010, 34, 851-857. [CrossRef]

Yu, X.; Wang, L.; Acehan, D.; Wang, X.; Akey, C. Three-dimensional structure of a double apoptosome formed by the Drosophila
Apaf-1 related killer. J. Mol. Biol. 2006, 355, 577-589. [CrossRef]

Mills, K.; Daish, T.; Harvey, K.E,; Pfleger, C.M.; Hariharan, L.K.; Kumar, S. The Drosophila melanogaster Apaf-1 homologue ARK is
required for most, but not all, programmed cell death. J. Cell Biol. 2006, 172, 809-815. [CrossRef]

Srivastava, M.; Sherr, H.; Luckey, M.; Xu, D.; Chen, Z.; Lu, J.; Bergmann, A. ARK, the Apaf-1 related killer in Drosophila, requires
diverse domains for its apoptotic activity. Cell Death Differ. 2007, 14, 92-102. [CrossRef]

Pang, Y.; Bai, X; Yan, C.; Hao, Q.; Chen, Z.; Wang, J.; Scheres, S.; Shi, Y. Structure of the apoptosome: Mechanistic insights into
activation of an initiator caspase from Drosophila. Genes Dev. 2015, 29, 277-287. [CrossRef]

Shiozaki, E.N.; Chai, ].J.; Shi, Y.G. Oligomerization and activation of caspase-9, induced by Apaf-1 CARD. Proc. Natl. Acad. Sci.
USA 2002, 99, 4197-4202. [CrossRef]

Suganuma, i.; Ushiyama, T.; Yamada, H.; Iwamoto, A.; Kobayashi, M.; Ikeda, M. Cloning and characterization of a dronc
homologue in the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2011, 41, 909-921. [CrossRef]

Kitaguchi, K.; Hamajima, R.; Yamada, H.; Kobayashi, M.; Ikeda, M. Cloning and functional characterization of the Lymantria
dispar initiator caspase dronc. Biochem. Biophy. Res. Commun. 2013, 436, 331-337. [CrossRef] [PubMed]


http://doi.org/10.1042/CBI20100035
http://doi.org/10.1016/j.jmb.2005.10.040
http://doi.org/10.1083/jcb.200512126
http://doi.org/10.1038/sj.cdd.4401931
http://doi.org/10.1101/gad.255877.114
http://doi.org/10.1073/pnas.072544399
http://doi.org/10.1016/j.ibmb.2011.08.005
http://doi.org/10.1016/j.bbrc.2013.05.103
http://www.ncbi.nlm.nih.gov/pubmed/23743202

	Introduction 
	Materials and Methods 
	Cell Culture and Antibodies 
	Cloning of Sl-apaf-1 Gene 
	Structure and Phylogenetic Analysis of the Sl-Apaf-1 Protein 
	Cell Transfection and RNA Interference of SL-1 Cells 
	Western Blot Analysis 
	Microscopy 
	Flow Cytometric Analysis 
	Expression and Purification of Proteins in E. coli 
	Protein Cleavage Experiments 
	Isothermal Titration Calorimetry Assay 
	Statistical Analysis 
	GenBank Accession Numbers 

	Results 
	Sequence and Phylogeny of Sl-Apaf-1 
	Effect of Silencing Sl-apaf-1 Expression on Act-D-Induced Apoptosis 
	Sl-Apaf-1 Overexpression Promoted Apoptosis 
	Sl-Apaf-1 Activation of Caspase-5—Caspase-1 Pathway In Vitro 
	Interaction of Sl-Apaf-1 and Sl-Caspase-5 
	Sl-Apaf-1 Promotes Apoptosis in Both Insect and Mammalian Cells 

	Discussion 
	Conclusions 
	References

