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A B S T R A C T

Infections of many viruses induce caspase activation to regulate multiple cellular pathways, including pro-
grammed cell death, immune signaling and etc. Characterizations of caspase cleavage sites and substrates are
important for understanding the regulation mechanisms of caspase activation. Here, we identified and analyzed a
novel caspase cleavage motif AEAD, and confirmed its caspase dependent cleavage activity in natural substrate,
such as nitric oxide-associated protein 1 (NOA1). Fusing the enhanced green fluorescent protein (EGFP) with the
mitochondrial marker protein Tom20 through the AEAD motif peptide localized EGFP to the mitochondria. Upon
the activation of caspase triggered by Sendai virus (SeV) or herpes simplex virus type 1 (HSV-1) infection, EGFP
diffusely localized to the cell due to the caspase-mediated cleavage, thus allowing visual detection of the virus-
induced caspase activation. An AEAD peptide-derived inhibitor Z-AEAD-FMK were developed, which signifi-
cantly inhibited the activities of caspases-1, -3, -6, -7, -8 and -9, exhibiting a broad caspase inhibition effect. The
inhibitor further prevented caspases-mediated cleavage of downstream substrates, including BID, PARP1, LMNA,
pro-IL-1β, pro-IL-18, GSDMD and GSDME, protecting cells from virus-induced apoptotic and pyroptotic cell death.
Together, our findings provide a new perspective for the identification of novel caspase cleavage motifs and the
development of new caspase inhibitors and anti-inflammatory drugs.
1. Introduction

Members of the caspase family are proteolytic enzymes involved in
multiple cell death pathways in response to damage-associated or
pathogen-associated molecular patterns (DAMPs or PAMPs) (Zheng et al.,
2020). Caspases are initially expressed as inactive monomeric zymogens
(procaspases) that obtain catalytic activity upon activation (Chen et al.,
2017). To date, 18 caspases have been identified in mammals (Chen et al.,
2017). Traditionally, based on their physiological functions, caspases are
grouped as apoptotic caspases (caspases-2, -3, -6, -7, -8, -9 and -10 in
mammals) and inflammatory caspases (caspases-1, -4, -5 and -12 inhumans
and caspases-1, -11 and -12 inmice) (Shalini et al., 2015; Chen et al., 2017).
The apoptotic caspases are further classified into initiator caspases
(caspases-8, -9, and -10) and effector caspases (caspases-3, -6, and -7),
which are responsible for the initiation and execution of apoptosis,
respectively (Chen et al., 2017). The inflammatory caspases mediate the
cleavage of pro-inflammatory cytokine precursors (for example, pro-IL-1β
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and pro-IL-18) triggering inflammatory responses (inflammation) and also
involve in the inflammatory cell death known as pyroptosis (Chen et al.,
2017).

Apoptosis is a form of programmed cell deathmainly initiated by either
the death receptor-mediated extrinsic pathway or the intracellular stress-
induced, mitochondrion-mediated intrinsic pathway (Fan et al., 2005).
Bothextrinsic pathway-activatedcaspase-8and intrinsicpathway-activated
caspase-9 cleaveandactivate thedownstreameffector caspases-3, -6 and -7,
which can further cleave a large number of cellular proteins, including
poly(ADP-ribose)polymerase-1 (PARP1), prelamin-A/C (LMNA) and in-
hibitor of caspase-activated DNase (ICAD), and finally lead to cell death
(Orzalli and Kagan, 2017; Zhou et al., 2017). Also, caspase-8 mediates the
cleavage of BH3 interacting-domain death agonist (BID) to generate the
truncated BID (tBID), which translocates to mitochondria and thus trans-
duces apoptotic signals from cytoplasmic membrane to mitochondria trig-
gering mitochondrial outer membrane permeabilization (MOMP) and the
release of cytochrome c, and thus initiating effector caspases activation and
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cell death (Li et al., 1998; Zhou et al., 2017). Pyroptosis is a lytic pro-
grammed cell death pathway executed by gasdermin proteins and associ-
ated with strong inflammatory responses (Vande Walle and Lamkanfi,
2016). The activated caspases-1, -4, -5 and -11 cleave pro-IL-1β and
pro-IL-18 into mature inflammatory cytokines IL-1β and IL-18 (Chen et al.,
2017). Also, these activated inflammatory caspases process members of
gasdermin (GSDM) family, such as GSDMD and GSDME, leading to pore
formation on the plasma membrane, followed by rupture of the cell mem-
brane and pyroptotic cell death (Tsuchiya, 2020). Many of the viruses
activate caspases to cleave a number of substrates, and cause infected cells
to undergo the above mentioned programmed cell death pathways
(Koyama et al., 1998). Activated caspases can cleave substrate in a tetra-
peptide sequence-independent cleavage way, such as active
caspase-1/4/11-mediated GSDMD cleavage (Wang et al., 2020). But
generally, caspases recognize a tetrapeptide motif (XXXD) in the substrate
and cleave after the aspartate (D) (Crawford andWells, 2011; Poreba et al.,
2013; Wang et al., 2020). Identification of novel caspase cleavage motifs is
important for the investigation of the caspase dependent cell death path-
ways and other caspase regulated pathways.

To identify new caspase cleavage motifs, we developed an assay for
screening novel caspase cleavage motifs. With this assay we successfully
identified a novel caspase cleavage motif AEAD, and confirmed its cas-
pase sensitivity. We showed that AEAD peptide-derived Z-AEAD-FMK
can inhibit the activation of multiple caspases and the cleavage of
downstream substrates. The broad-spectrum inhibitory effect of Z-AEAD-
FMK on caspase can protect cells against virus-induced apoptotic and
pyroptotic cell death and inflammation. The novel pan-caspase inhibitor
Z-AEAD-FMK can be employed to investigate the caspase-mediated cell
death pathways and facilitate the development of anti-inflammatory
drugs.

2. Materials and methods

2.1. Plasmids

cDNAs encoding human caspase-3 (CCDS3836.1), caspase-6
(CCDS3684.1) and caspase-7 (CCDS7581.1) were synthesized by
Tsingke (Wuhan, China) and cloned into pRK plasmid with a C-terminal
His tag, respectively. Plasmids, including C-terminal strep-tagged
Tom20-AEADG-EGFP (Tom20, CCDS1603.1), EGFP-AEADG-Tom20 and
human NOA1 (CCDS3510.1) were constructed by standard molecular
biology techniques. Point mutants were generated by using the ClonEx-
press II One Step Cloning Kit (#C112-01, Vazyme, China) and the
construct coding the wild-type proteins as template. Each construct was
confirmed by sequencing.

2.2. Antibodies and reagents

The anti-strep (#A00626) antibody was purchased from GenScript
(Nanjing, China). The anti-Tom20 (#sc-17764) antibody used in immu-
noblot analysis was purchased from Santa Cruz Biotechnology (Dela-
ware, USA). The anti-Tom20 (#ab209606) used in immunofluorescence
analysis and GSDME (#ab215191) were purchased from Abcam (Cam-
bridge, UK). The anti-caspase-1 (#2225), anti-cleaved caspase-1
(#4199), anti-caspase-3 (#9662), anti-cleaved caspase-3 (#9661), anti-
caspase-6 (#9762), anti-cleaved caspase-6 (#9761), anti-caspase-7
(#9492), anti-caspase-8 (#9746), anti-cleaved caspase-8 (#9496), anti-
caspase-9 (#9502), anti-GSDMD (#96458), anti-cleaved GSDMD
(#36425), anti-cleaved IL1β (#83186), anti-IL6 (#12153), anti-BID
(#2002) and anti-PARP1 (#9542) antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA). The anti-LMNA (#10298-1-
AP), anti-IL8 (#27095-1-AP), anti-IL18 (#27095-1-AP), anti-EGFP tag
(#50430-2-AP), anti-His tag (#66005-1-Ig), anti-alpha Tubulin
(#14555-1-AP), goat anti-mouse (#SA00001-1) and goat anti-rabbit
(#SA00001-2) IgG-horseradish peroxidase (HRP) secondary antibodies
were purchased from Proteintech (Wuhan, China).
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PMA (#P1585) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Z-VAD-FMK (#S7023) was obtained from Selleck (Houston, TX,
USA). Z-AEAD-FMK was synthesized by GL Biochem (Shanghai, China).
Staurosporine (#HY-15141) was purchased from MedChemExpress
(New Jersey, USA). DAPI (#C1002) and propidium iodide (#ST511)
were purchased from Beyotime (Shanghai, China).

2.3. Cell lines

The HEK293T and THP-1 cell lines were purchased from American
Type Culture Collection (ATCC). HEK293T cells were cultured in Dul-
becco's modified Eagle's medium (DMEM; Gibco) supplied with 10% fetal
bovine serum (FBS; Gibco) and 1% Pen Strep antibiotics (Gibco). THP-1
cells were cultured in RPMI 1640 (Gibco) containing 10% FBS (Gibco)
and 1% Pen Strep antibiotics (Gibco). All cells were cultured at 37 �C in a
humidified 5% CO2 incubator.

2.4. Viruses

SeV was amplified in 9-day-old specific-pathogen-free (SPF) chicken
eggs for 72 h and titrated by plaque assay. HSV-1 (F strain) was amplified
in Vero cells for 48 h and titrated by plaque assay.

2.5. Cell differentiation

THP-1 cells were treated with 40 ng/mL PMA at 37 �C for 24 h to
differentiate into macrophages, and then cells were cultured for 24 h
without PMA.

2.6. Molecular docking

We used the program AutoDock Vina to perform the molecular
docking (Trott and Olson, 2010). Crystal structure of human caspases,
including caspase-1 (PDB ID code: 1rwk), caspase-3 (PDB ID code: 5i9b),
caspase-4 (PDB ID code: 6nry), caspase-6 (PDB ID code: 3od5), caspase-7
(PDB ID code: 1shj), caspase-8 (PDB ID code: 1qtn) and caspase-9 (PDB
ID code: 2ar9) were from Protein Data Bank. Crystal structure of human
caspase-10 (AlphaFold ID code: Q92851) and caspase-14 (AlphaFold ID
code: P31944) were from AlphaFold Protein Structure Database. The
Z-VAD-FMK molecule was from PubChem CID: 5497174.

The Z-AEAD-FMK molecule was drawn by ChemDraw (2D structure)
or Chem3D (3D structure).

All the ligands were docked 10 times. And the docking results were
visualized using open-source PyMOL.

2.7. Immunofluorescence assay

THP-1PMA cells were infected or mock infected with SeV or HSV-1
(MOI ¼ 10), or treated with staurosporine (STS), and then fixed with
4% paraformaldehyde (PFA) at 25 �C for 30 min, permeabilized with
0.3% (vol/vol) Triton X-100 for 20 min, blocked in 3% bovine serum
albumin in PBS for 30 min, and incubated sequentially with Alexa Fluor®
647 anti-TOMM20 antibody (#ab209606, Abcam, Cambridge, UK) for 1
h. Cells were stained with DAPI, mounted with ProLong™ Gold antifade
reagent (Invitrogen, San Diego, CA, USA), and then analyzed using
confocal microscope (Leica). Images were processed by Leica.

2.8. In vitro caspase cleavage assay

HEK293T cells were transfected with the indicated plasmids
expressing strep-tagged substrates for 48 h or expressing His-tagged
caspases for 36 h, followed by STS treatment at 10 μmol/L for 12 h.
The cells were washed twice with PBS, lysed with NP-40 buffer
(#P0013F, Beyotime, Shanghai, China) and rotated for 30 min at 4 �C.
After centrifugation at 16,000�g for 20 min, the whole cell lysates were
incubated with streptavidin magnetic beads (#2-4090-010,
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Iba-Lifesciences, Germany) or Ni Sepharose beads (#17531801, Cytiva,
Marlborough, MA, USA) and rotated overnight at 4 �C on a rotator. After
washing three times with PBST, the streptavidin magnetic beads-pull
down purified substrate was eluted by 1� BXT buffer (#2-1042-025,
Iba-Lifesciences, Germany), and Ni Sepharose beads-pull down purified
caspase was eluted by 500 mmol/L imidazole.

In vitro protease cleavage experiments were performed as previously
described (Wang et al., 2017). Briefly, Ni Sepharose beads-pulldown
purified caspase was incubated with streptavidin magnetic
beads-pulldown purified substrate in cleavage buffer (100 mmol/L
HEPES, 10% (w/v) sucrose, 0.1% (w/v) CHAPS, PH 7.0, 10 mmol/L DTT)
at 37 �C for 5 h and then samples were applied to immunoblot analysis.

2.9. Protein detection in supernatants

Culture supernatants of THP-1PMA cells were precipitated by adding
an equal volume of methanol and 0.25 volumes of chloroform. The
mixtures were vortexed and then centrifuged for 10 min at 16,000�g.
The upper phase was discarded and 500 μL methanol was added to the
interphase. This mixture was vortexed and then centrifuged for 10 min at
16,000�g. The protein pellet was dried at 55 �C, followed by immuno-
blotting analysis to detect indicated protein.

2.10. Propidium iodide (PI) fluorometric assay

THP-1PMA cells were seeded in 48-well plates at a density of 200,000
cells per well in a total volume of 200 μL per well and infected or mock
infected with SeV or HSV-1 (MOI ¼ 10) for 1 h, and then media were
replaced with Opti-MEM (#31985070, Gibco) with or without the treat-
ment of Z-AEAD-FMK at 20 μmol/L. At 12 h.p.i of SeV infection or 24 h.p.i
of HSV-1 infection, cells were stained with propidium iodide. The plates
were imaged using Operetta (PerkinElmer) with a 10� objective in both
the PI and bright filed channels. The images were analyzed using auto-
mated image analysis software (Harmony 3.5, PerkinElmer).

2.11. LDH release assay

THP-1PMA cells were treated as indicated in figure legend, and cell
death was measured by a lactate dehydrogenase (LDH) assay using LDH
Cytotoxicity Assay Kit (#C0017, Beyotime, Shanghai, China).

2.12. Immunoblot analysis

Cells were lysed with buffer (#P0013, Beyotime, Shanghai, China).
Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) then transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Proteins were incubated with primary
antibodies overnight at 4 �C, then secondary horseradish peroxidase-
conjugated goat anti-rabbit/mouse IgG. Protein bands were detected by
an enhanced chemiluminescence (ECL) kit (Millipore, Billerica, MA,
USA) using a Chemiluminescence Analyzer (Chemiscope600pro,
Shanghai, China).

2.13. Statistical analysis

Statistical significance was determined with Student’s t test (Fig. 3) or
One-way ANOVA test (Fig. 5) with P < 0.05 considered statistically
significant. Data were analyzed with GraphPad Prism 9. ns, not signifi-
cant; *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results

3.1. Identification of the novel caspase cleavage motif

To identify novel caspase cleavage site, we performedmotif screening
based on the characteristic of caspases cleaving substrates at specific
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motifs. Generally, caspases substrates have the peptide sequence P4-P3-
P2-P1↓P1', where the P4-P3-P2-P1 is the core tetrapeptide motif and the
cleavage site is located between P1 and P1', represented by “↓” (Poreba
et al., 2013). Although the P1 residue was believed to be exclusively Asp
(D), recent evidence showed that caspases can also cleave after Glu (E)
and phosphoserine (pS) residues (Seaman et al., 2016). To narrow down
the scope of P1 and other positions, we performed the sites analysis
through the MEROPS database, a peptidase database (http://www.mer
ops.ac.uk) (Rawlings et al., 2002, 2010). The analysis and screening
process is shown in Fig. 1A.

We first arranged the preference order of amino acid residues at
each site in the cleavage motif of nine human caspases, including
caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14. Taking the analysis of the
P1 site of caspase-1 as an example, based on the 189 cleavage sites
mediated by caspase-1, Asp appeared 160 times, and the ratio was
160/189 � 100% � 84.66%. The percentages of other amino acids
were also calculated in the same way as Asp. Then ordering from large
to small, we can obtain the preference list of P1 site of caspase-1. It
was found that all caspases consistently showed exquisite selectivity
for D in the P1 position (Fig. 1B) and a preference for E in P3 position
(Fig. 1C). Compared with caspase-4 and caspase-10, the other
caspases-1, -3, -6, -7, -8, -9 and -14 showed a preference for Gly (G)
rather than E at the P1' position (Fig. 1D). More caspases seem to
prefer Val (V) at P2 (Fig. 1E) and D at P4 (Fig. 1F), respectively, and
the generated motif combination DEVD has been shown to be a clas-
sical motif recognized by caspase-3 and has a derived inhibitor
Z-DEVD-FMK.

Therefore, we selected the top 5 amino acid residues preferred by
each caspase at P2 position or P4 position for combination, and analyzed
the frequency of occurrence of each amino acid. Taking the analysis of
the P2 site of caspases as an example (Fig. 1E), top 5 preferred residues
for caspase-1 (C1) were Ser, Pro, Ala, Val and Thr; top 5 preferred resi-
dues for C3 were Val, Thr, Pro, Leu and Ile; top 5 preferred residues for C4
were Thr, Pro, His, Ala and Tyr; top 5 preferred residues for C6 were Val,
Leu, Thr, Glu and Ser; top 5 preferred residues for C7 were Val, Leu, Pro,
Thr and Ala; top 5 preferred residues for C8 were Thr, Val, Leu, Met and
Glu; top 5 preferred residues for C9 were Pro, Val, Glu, Leu and Phe; top 5
preferred residues for C10 were Val, Thr, Ala, Leu and Glu; top 5
preferred residues for C14 were Pro, Ala, Val, Ser and Thr. By calculating
the frequency of each amino acid, we obtained a ranking table, as shown
in Fig. 1G. The analysis of the P4 position was also performed in the same
way as P2 position (Fig. 1H). Altogether, these analyses showed that the
top 5 amino acid residues preferred by theses caspases at the P2 position
were Val (V), Thr (T), Leu (L), Pro (P) and Ala (A) (Fig. 1G), and the top 5
residues preferred by caspases at the P4 position were Asp (D), Glu (E),
Leu (L), Ala (A) and Val (V) (Fig. 1H).

We further performed a combined matrix analysis of the preferred
amino acid residues selected at each position, and thus obtained 25
candidate motifs (Fig. 1I). Among them, 23 motifs have been verified by
previous studies, as shown in Table 1, and one motif LEPD has been used
to develop caspase inhibitors Ac-LEPD-CHO and Ac-LEPD-FMK (Kelotra
et al., 2014), which supports the relevance of our analysis. Based on this
analysis the AEAD motif appears as a novel caspase cleavage motif
(Fig. 1I).

3.2. The AEAD motif is a novel caspase cleavage motif

To analyze whether activated caspases can cleave substrates at the
AEAD motif, we fused EGFP to the mitochondrial marker protein
Tom20 using the AEADG peptide as a linker to express a fusion protein
Tom20-AEADG-EGFP or EGFP-AEADG-Tom20, which may allow the
fusion protein to localize to mitochondria. We first performed an in
vitro caspase cleavage assay to verify whether the Tom20-AEADG-
EGFP or EGFP-AEADG-Tom20 can be cleaved by activated caspases.
Purified C-terminal strep-tagged Tom20-AEADG-EGFP or EGFP-
AEADG-Tom20 was incubated with active C-terminal His-tagged

http://www.merops.ac.uk
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Fig. 1. AEAD motif is a new potential caspase cleavage motif. A Analysis and screening process of caspase cleavage motifs. B Preference analysis at the P1 position of
the cleavage motifs recognized by caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14, respectively. C Preference analysis at the P3 position of the cleavage motifs recognized by
caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14, respectively. D Preference analysis at the P1' position of the cleavage motifs recognized by caspase-1, -3, -4, -6, -7, -8, -9, -10
and -14, respectively. E Preference analysis at the P2 position of the cleavage motifs recognized by caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14, respectively. F Preference
analysis at the P4 position of the cleavage motifs recognized by caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14, respectively. G Frequency analysis of the top 5 preferred
residues at the P2 position for 9 caspases (caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14). H Frequency analysis of the top 5 preferred residues at the P4 position for 9
caspases (caspase-1, -3, -4, -6, -7, -8, -9, -10 and -14). I 25 candidate motifs for caspase cleavage. Single capital letters in the figures are amino acid abbreviations.
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human caspase-3, -6, or -7 protein (C3, C6 or C7). Immunoblotting
analysis showed that caspases-3, -6 and -7 cleaved Tom20-AEADG-
EGFP to produce a ~30 kDa cleaved band, which was recognized by
the anti-EGFP antibody and corresponds to the EGFP-strep (Fig. 2A and
E). And caspase-6 can cleave Tom20-AEADG-EGFP to produce a ~17
kDa fragment, which was recognized by the anti-Tom20 antibody and
corresponds to the Tom20 (Fig. 2A and E). But we did not detect the
~17 kDa cleaved band for caspase-3 and caspase-7 mediated Tom20-
AEADG-EGFP cleavage, and one of the possible reasons is that these
caspases may also cleave Tom20 at other sites, making it difficult to be
recognized by anti-Tom20 antibody (Fig. 2A). At the same time, we
found that caspase-6 and caspase-7 cleaved EGFP-AEADG-Tom20 to
generate a ~30 kDa cleaved band, which was recognized by the anti-
EGFP antibody and corresponds to the EGFP (Fig. 2B and F). And
caspase-6 can cleave EGFP-AEADG-Tom20 to produce a ~17 kDa
fragment, which was recognized by the anti-Tom20 antibody and
corresponds to the Tom20-strep (Fig. 2B and F). However, unlike
caspase-3 mediated Tom20-AEADG-EGFP cleavage, we did not detect
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the cleavage of EGFP-AEADG-Tom20 by caspase-3. One of the possible
reasons is that the conformation of EGFP-AEADG-Tom20 hinders the
recognition and cleavage of caspase-3 at the AEAD motif.

To further verify whether Tom20-AEADG-EGFP or EGFP-AEADG-
Tom20 is cleaved by caspase at AEAD motif, we substituted the D of
AEAD motif with A to construct the mutant, Tom20-AEAAG-EGFP or
EGFP-AEAAG-Tom20. The in vitro caspase cleavage assay showed that
the Tom20-AEAAG-EGFP or EGFP-AEAAG-Tom20 mutant was resistant
to caspase-6 cleavage (Fig. 2C–F), confirming that caspase can specif-
ically recognize and cleave Tom20-AEADG-EGFP or EGFP-AEADG-
Tom20 at the AEAD motif. Next, we found that Tom20-AEADG-EGFP
indeed localized to mitochondria in the absence of caspase activation
(Fig. 2G). When intracellular caspases were activated upon SeV/HSV-1
infection, or with STS treatment, the EGFP signals were diffusely
distributed in the cell (Fig. 2G), suggesting that virus infection induced
caspase-mediated Tom20-AEADG-EGFP cleavage at the AEAD motif.
Thus, these results confirmed that the AEAD motif is a caspase cleavage
motif.



Table 1
List of identified caspase cleavage motifs and their derived inhibitors.

Number Caspase cleavage
motifs

Caspase inhibitor Substrate (UniProt entry) Position of motifs References

1 DEVD Z-DEVD-FMK (caspase-3 inhibitor) PARP1_HUMAN DEVD (214) Lazebnik et al. (1994)
CXA7_HUMAN DEVD (367) Yin et al. (2001)
PRKDC_HUMAN DEVD (2713) Casciola-Rosen et al. (1995)
IF4H_HUMAN DEVD (92) Van Damme et al. (2005)
ITPR1_HUMAN DEVD (1838) Hirota et al. (1999)
KPCT_HUMAN DEVD (354) Datta et al. (1997)
RFC1_HUMAN DEVD (722) Rheaume et al. (1997)
SGG_DROME DEVD (300) Kanuka et al. (2005)
SPTB1_HUMAN DEVD (1457) Wang et al. (1998)
SPTB2_HUMAN DEVD (1457) Vanags et al. (1996)

2 EEVD Non DHX9_HUMAN EEVD (167) Takeda et al. (1999)
3 LEVD Z-LEVD-FMK (caspase-4 inhibitor) CFLAR_HUMAN LEVD (376) Irmler et al. (1997)

TRAF1_HUMAN LEVD (163) Irmler et al. (2000)
4 AEVD Z-AEVD-FMK (caspase-10 Inhibitor) IF2A_HUMAN AEVD (301) Satoh et al. (1999)
5 VEVD Z-VEVD-FMK APLP1_HUMAN VEVD (620) Galvan et al. (2002)

A4_HUMAN VEVD (739) Galvan et al. (2002), Gervais et al. (1999)
K1C18_HUMAN VEVD (237) Ku et al. (1997)

6 DETD Non IF4B_HUMAN DETD (45) Bushell et al. (2000)
IF4G2_HUMAN DETD (790) Henis-Korenblit et al. (2000)
DFFA_MOUSE DETD (117) Liu et al. (1997), Enari et al. (1998),

Yakovlev et al. (2001)
ROCK1_HUMAN DETD (1113) Coleman et al. (2001), Sebbagh et al.

(2001), Chang et al. (2006)
SPTA2_HUMAN DETD (1185) Martin et al. (1996)
TADBP_HUMAN DETD (89) Van Damme et al. (2005)
TIAM1_HUMAN DETD (993) Qi et al. (2001)

7 EETD Z-EETD-FMK;
Ac-EETD- pNA (caspase-8 inhibitor)

KPCZ_HUMAN EETD (210) Frutos et al. (1999)

8 LETD Z-LETD-FMK
Ac-LETD-CHO

RPB1_HUMAN LETD (1339) Lu et al. (2002)

9 AETD Non STK24_HUMAN AETD (313) Huang et al. (2002)
10 VETD Non CASP8_HUMAN VETD (374) Boldin et al. (1996)
11 DELD Non ACINU_HUMAN DELD (1093) Sahara et al. (1999), Joselin et al. (2006)

PA24A_HUMAN DELD (522) Adam-Klages et al. (1998)
ITB4_HUMAN DELD (1109) Werner et al. (2007)
STK3_HUMAN DELD (322) Lee et al. (2001)
NFAC2_HUMAN DELD (29) Wu et al. (2006)
GDIS_HUMAN DELD (19) Na et al. (1996), Danley et al. (1996)
TWST1_MOUSE DELD (173) Demontis et al. (2006)

12 EELD Non MCL1_HUMAN EELD (127) Weng et al. (2005), Herrant et al. (2004)
NF2L2_HUMAN EELD (366) Ohtsubo et al. (1999)

13 LELD Non GSDMC_HUMAN LELD (365) Hou et al. (2020)
14 AELD Non GGA3_HUMAN AELD (333) Tesco et al. (2007)
15 VELD Non GFAP_HUMAN VELD (225) Chen et al. (2013)
16 DEPD Non SRBP2_HUMAN DEPD (486) Wang et al. (1995)
17 EEPD Non PAWR_HUMAN EEPD (131) Chaudhry et al. (2012)
18 AEPD Non PLCG1_HUMAN AEPD (770) Bae et al. (2000)
19 VEPD Non GANP_HUMAN VEPD (1023) Wickramasinghe et al. (2011)
20 DEAD Non RB_HUMAN DEAD (886) Janicke et al. (1996)
21 EEAD Non RAD9A_HUMAN EEAD (187) Lee et al. (2003)

TRAF3_HUMAN EEAD (348) Lee et al. (2001)
22 LEAD Non CASP5_HUMAN LEAD (330) Munday et al. (1995)
23 VEAD Z-VEAD-FMK STAP2_HUMAN VEAD (260) Sekine et al. (2012)

GRAB_HUMAN VEAD (192) Casciola-Rosen et al. (2007)
24 LEPD Ac-LEPD-FMK;

Ac-LEPD-CHO
Kelotra et al. (2014)
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To explore the possibility of caspase cleavage of natural substrate
proteins containing AEAD motif, we used ‘AEADG’ as a query sequence,
to perform protein blast on the NCBI website and obtained multiple
candidates. Among that, 20 candidate proteins are shown in Table 2. We
cloned and constructed a plasmid expressing the C-terminal strep-tagged
NOA1. The in vitro caspase cleavage assay showed that caspase-6 and
caspase-7 can cleave NOA1 (Fig. 2H and J). Additionally, incubation of
caspase-3 with NOA1 decreased the abundance of full-length NOA1
(Fig. 2H), suggesting that caspase-3 cleaved NOA1. We failed to detect
the cleaved NOA1 by the anti-strep tag antibody. This is potentially due
to less efficient cleavage of NOA1 by caspase-3 resulting in less cleaved
NOA1 band which is below the detection limit. We then substituted the D
of AEAD171 motif with A to construct mutants, NOA1D171A, and the in
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vitro caspase cleavage assay showed that mutant NOA1D171A was resis-
tant to caspase-6 and caspase-7 mediated cleavage (Fig. 2I and J), con-
firming that caspase can recognize and cleave NOA1 at the AEAD motif.
Thus, active caspase can cleave natural substrates at the AEAD motif,
showing that AEAD is indeed a caspase cleavage motif.

3.3. Molecular docking analysis of Z-AEAD-FMK with multiple caspases

Next, we designed a peptide derived from the AEAD motif to analyze
its potential as a caspase inhibitor. The peptide was developed by linking
the AEAD peptide to the benzyloxycarbonyl (Z) group and fluo-
romethylketone (FMK) group, named as Z-AEAD-FMK (Fig. 3A and B). To
analyze the engagement of the inhibitor with caspases, a crystal structure



Fig. 2. Caspases can cleave substrates at the AEAD motif. A, B Immunoblot analysis of Tom20-AEADG-EGFP (A) or EGFP-AEADG-Tom20 (B) cleavage by the in vitro
cleavage assay. The C-terminal strep-tagged Tom20-AEADG-EGFP protein or EGFP-AEADG-Tom20 was expressed and purified from HEK293T cells, and subjected to
the in vitro cleavage assay with his-tagged caspase-3, 6 or 7 protein, followed by immunoblot analysis. Anti-EGFP and anti-Tom20 antibodies were used to determine
the cleavage of Tom20-AEADG-EGFP or EGFP-AEADG-Tom20. Anti-His antibody was used to identify caspases. C, D Immunoblot analysis of the cleavage of Tom20-
AEADG-EGFP and its mutant Tom20-AEAAG-EGFP (C) or the cleavage of EGFP-AEADG-Tom20 and its mutant EGFP-AEAAG-Tom20 (D) by the in vitro cleavage assay.
The indicated C-terminal strep-tagged substrate was expressed and purified from HEK293T cells, and subjected to the in vitro cleavage assay with his-tagged caspase-6
protein, followed by immunoblot analysis. Anti-EGFP and anti-Tom20 antibodies were used to determine the cleavage of Tom20-AEADG-EGFP, Tom20-AEAAG-EGFP,
EGFP-AEADG-Tom20 or EGFP-AEAAG-Tom20. Anti-His antibody was used to identify active caspase-6. E, F Schematic of the cleavage of Tom20-AEADG-EGFP and
Tom20-AEAAG-EGFP (E) or EGFP-AEADG-Tom20 and EGFP-AEAAG-Tom20 (F). G Immunofluorescence analysis of Tom20-AEADG-EGFP cleavage. HEK293T cells
were transfected with vector expressing Tom20-AEADG-EGFP for 24 h and then infected or mock infected with SeV or HSV-1 at MOI ¼ 10 for 24 h, or treated with STS
at 10 μmol/L for 12 h. Mitochondria were labeled with anti-Tom20 antibody (red), green represents EGFP signals and Nuclei were stained with DAPI (blue). Scale bars,
20 μm. H Immunoblot analysis of NOA1 cleavage by the in vitro cleavage assay as described in (A, B). Anti-strep antibody was used to determine the cleavage of NOA1.
Anti-His antibody was used to identify caspases. I Immunoblot analysis of the cleavage of NOA1 and its mutant NOA1D171A by the in vitro cleavage assay as described in
(C, D). Anti-strep antibody was used to determine the cleavage of NOA1 and its mutant NOA1D171A. Anti-His antibody was used to identify caspases. J Schematic of the
cleavage of wild type and mutant NOA1. Data are representative of three experiments with similar results.
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of the catalytic domain of human caspases, including caspases-1, -3, -4,
-6, -7, -8, -9, -10 and -14, were docked with Z-AEAD-FMK respectively.
The Z-VAD-FMK, a well-known pan-caspase inhibitor, was included as a
positive control.

A higher negative Autodock Vina score represents a strong binding af-
finity (Trott and Olson, 2010). We found that the affinity between
Z-AEAD-FMKandcaspase-1, -4, -9 or -14was similar to the affinitybetween
Z-VAD-FMK and caspase-1, -4, -9 or -14, and for each caspase, the
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highest-affinity conformation of Z-AEAD-FMK almost overlapped with the
highest-affinity conformation of Z-VAD-FMK (Fig. 3C, E, I and K). The
caspase-3-binding affinity of Z-AEAD-FMK is slightly lower than the
caspase-3-binding affinity of Z-VAD-FMK, but the highest
caspase-3-binding affinity conformation of Z-AEAD-FMK and Z-VAD-FMK
almost overlapped and both conformations relatively far from the active
pocket of caspase-3 (Fig. 3D). The caspase-7-binding affinity of
Z-AEAD-FMK is not significantly different from the caspase-7-binding



Table 2
Potential natural substrates in human containing AEAD↓(G) motif for caspase cleavage.

Number Uniprot entry name Length (aa) Mass (kDa) Amino acid position of caspase cleavage motif Fragments

P4 (A) P3 (E) P2 (A) P1 (D) P1' (G) N (kDa) C (kDa)

1 MYH7B_HUMAN 1983 225.85 418 419 420 421 422 47.95 177.90
2 SNPC4_HUMAN 1469 159.43 1165 1166 1167 1168 1169 126.76 32.67
3 SOGA1_HUMAN 1423 159.76 1053 1054 1055 1056 1057 118.56 41.20
4 PHC1_HUMAN 1004 105.53 339 340 341 342 343 35.95 69.59
5 ARMC3_HUMAN 872 96.41 395 396 397 398 399 44.00 52.40
6 CFA58_HUMAN 872 103.42 590 591 592 593 594 70.33 33.09
7 MILK1_HUMAN 863 93.44 265 266 267 268 269 29.02 64.42
8 IL31R_HUMAN 732 82.95 239 240 241 242 243 27.42 55.53
9 PLPR3_HUMAN 718 76.04 613 614 615 616 617 65.24 10.80
10 NOA1_HUMAN 698 78.46 168 169 170 171 172 19.22 59.24
11 ZN653_HUMAN 615 67.24 423 424 425 426 427 46.57 20.66
12 CENPT_HUMAN 561 60.42 377 378 379 380 381 40.93 19.49
13 MOT3_HUMAN 504 52.32 220 221 222 223 224 23.15 29.17
14 PDCD7_HUMAN 485 54.70 198 199 200 201 202 22.67 32.03
15 IGA2_HUMAN 455 48.93 448 449 450 451 452 48.50 0.43
16 PLIN3_HUMAN 434 47.08 6 7 8 9 10 0.98 46.10
17 NAGK_HUMAN 344 37.38 28 29 30 31 32 3.37 34.01
18 IGHA2_HUMAN 340 36.59 333 334 335 336 337 36.16 0.43
19 CGRE1_HUMAN 318 33.46 212 213 214 215 216 22.62 10.84
20 MPU1_HUMAN 247 26.64 3 4 5 6 7 0.65 25.99
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affinity of Z-VAD-FMK; however, the highest-affinity conformation of
Z-AEAD-FMK seems to be slightly further away from the active pocket of
caspase-7, compared with Z-VAD-FMK (Fig. 3G).

The highest caspase-6-binding affinity conformations of Z-AEAD-FMK
and Z-VAD-FMK nearly overlapped, but Z-AEAD-FMK has a higher
binding affinity with caspase-6 (Fig. 3F). The highest-affinity confor-
mations of Z-AEAD-FMK and Z-VAD-FMK are very close to the active
pocket of caspase-8, but we noticed that the more stretched Z-AEAD-FMK
is tightly lying on the active pocket of caspase-8 and has higher binding
affinity with caspase-8 (Fig. 3H). The caspase-10-binding affinity of Z-
AEAD-FMK is higher and the highest-affinity conformation of Z-AEAD-
FMK is closer to the active pocket of caspase-10, compared with Z-VAD-
FMK (Fig. 3J).

Together, these results suggest that Z-AEAD-FMK may be a potential
pan-caspase inhibitor similar to Z-VAD-FMK.

3.4. Z-AEAD-FMK is a novel pan-caspase inhibitor

Next, we investigated the effect of Z-AEAD-FMK on caspase activity
during virus infection. THP-1PMA cells were infectedwith SeV orHSV-1 and
the activation ofmultiple caspases, including caspases-1, -3, -6, -7, -8 and -9
were observed (Fig. 4A and B). The SeV or HSV-1 induced activation of
multiple caspases were inhibited by Z-AEAD-FMK treatment (Fig. 4A and
B). These results indicate that Z-AEAD-FMK has a pan inhibitory effect on
activationofmultiple caspases, in linewith the resultsofmoleculardocking.
Immunoblot analysis showed that SeV or HSV-1 infection induced obvious
cleavage of BID, LMNA and PARP1 (the downstream substrates of caspase-
8, -6 and -3/7 respectively) (Fig. 4C and D). Z-AEAD-FMK treatment
significantly inhibited the cleavage of these caspase substrates (Fig. 4C
and D).

Furthermore, Z-VAD-FMK is an established pan caspase inhibitor, and
we then compared the inhibitory effects on caspase activation of Z-AEAD-
FMK and Z-VAD-FMK during SeV infection (Fig. 4E–G). Immunoblot
analysis showed that Z-AEAD-FMK and Z-VAD-FMK had similar inhibi-
tory effects on the activation of caspases-1, 3, -7 and -9 at concentrations
of 20 μmol/L and 1 μmol/L (Fig. 4E). At a concentration of 20 μmol/L, Z-
AEAD-FMK and Z-VAD-FMK may have similar inhibitory effects on
caspase-6 activation (Fig. 4F). At the concentration of 1 μmol/L, Z-AEAD-
FMK still had a good inhibitory effect on caspase-6 activation, showing a
dose-dependent effect, while Z-VAD-FMK no longer inhibited the acti-
vation of caspase-6 (Fig. 4F). Notably, either at the concentration of 20
μmol/L or 1 μmol/L, Z-AEAD-FMK has a profoundly inhibition on
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caspase-8 activation compared with Z-VAD-FMK, exhibiting a dose-
dependent effect (Fig. 4G). Additionally, we tested the effect of short-
time (e.g., 1 h or 6 h) treatment of Z-AEAD-FMK on caspase-8 activa-
tion and BID cleavage. Immunoblot analysis showed that Z-AEAD-FMK
treatment at 20 μmol/L for 1 h, 6 h or 11 h significantly inhibited the
SeV-induced cleavage of caspase-8 and BID in a time-dependent manner
(Fig. 4H). Similarly, Z-AEAD-FMK treatment at 20 μmol/L for 1 h, 6 h or
23 h significantly inhibited HSV-1-induced cleavage of caspase-8 and BID
in a time-dependent manner (Fig. 4I).

Together, these findings suggest that Z-AEAD-FMK can broadly
inhibit multiple caspases, including caspases-1, -3, -6, -7, -8 and -9, and
inhibit caspase cleavage of their substrates during virus infection.

3.5. Z-AEAD-FMK inhibits caspase-mediated cell death pathway triggered
by virus infection

To analyze the effects of Z-AEAD-FMK on caspase-mediated pathway,
we assessed the effects of the inhibitor on caspase-mediated apoptosis,
pyroptosis and inflammatory responses induced by viruses.

Infection of SeV or HSV-1 can induce pyroptosis in THP-1PMA cells
with the cleavage of GSDMD and GSDME, whereas these cleavages were
concurrently attenuated by Z-AEAD-FMK (Fig. 5A and B). As a form of
inflammatory programmed cell death, pyroptosis can result in cellular
lysis and release of inflammatory intracellular contents (Bergsbaken
et al., 2009). Consistently, SeV or HSV-1 infection induced inflammation
in THP-1PMA cells with the release of multiple inflammatory factors,
including IL-1β, IL-18, IL-6 and IL-8 (Fig. 5C and D). The secretion of
inflammatory mediators was decreased by Z-AEAD-FMK (Fig. 5C and D).
These results indicated that Z-AEAD-FMK could not only inhibit the
cleavage of inflammatory substrates IL-1β and IL-18 by inhibiting the
activation of inflammatory caspases, but also prevent the release of in-
flammatory cytokines IL-1β, IL-18, IL-6 and IL-8 by inhibiting pyroptosis.

Furthermore, we used a propidium iodide (PI) fluorometric assay to
assess the effect of Z-AEAD-FMK on virus-induced cell death. We
observed that SeV or HSV-1 infection can cause a large number of THP-
1PMA cells staining positive for PI, whereas Z-AEAD-FMK treatment
significantly reduces the proportion of PI-positive cells (Fig. 5E and F).
Also, the potency of Z-AEAD-FMK against virus-induced cytotoxicity was
measured by lactate dehydrogenase (LDH) release assays. The results
showed that Z-AEAD-FMK potently inhibited SeV or HSV-1-induced LDH
release (Fig. 5G and H). These results indicate that Z-AEAD-FMK potently
inhibits caspase-dependent cell death triggered by the virus infection.



Fig. 3. Molecular docking analysis of Z-AEAD-FMK with multiple caspases. A The 2D structure of the AEAD-derived inhibitor Z-AEAD-FMK. B The 3D structure of the
AEAD-derived inhibitor Z-AEAD-FMK. C–K Molecular docking between Z-AEAD-FMK or Z-VAD-FMK and the indicated caspase. Left panel is the affinity comparison
between Z-AEAD-FMK and Z-VAD-FMK with indicated caspase in 10 dockings. Right panel is the comparison of the highest-affinity conformations of Z-AEAD-FMK and
Z-VAD-FMK with the indicated caspase. The Z-AEAD-FMK inhibitor is shown in deep salmon sticks, the Z-VAD-FMK inhibitor is shown in slate sticks, the caspase
structure is shown in gray cartoon, the active sites of caspase is shown in pale cyan sticks. The catalytic sites (Cys residue) of caspase-4 and caspase-9 were mutated
into Ala (A258) and Ser (S287), respectively. *P < 0.05; *** P < 0.001; ns, not significant (Student’s t test).
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Taken together, our data indicate that Z-AEAD-FMK broadly inhibits
the activation of multiple caspases triggered by virus infection, thereby
potently inhibiting caspase-mediated apoptotic and pyroptotic cell death
and inflammatory response.

4. Discussion

Caspases are a family of cysteine proteases participating in regulating
multiple biological processes including programmed cell death and
innate immune signaling pathways. Virus infection often triggers cas-
pases activation. Identification of caspase substrates is important for
analyzing the intracellular pathways regulated by virus activated cas-
pases. Here, we identified a novel caspase cleavage motif AEAD, and
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demonstrated its susceptibility to caspase cleavage. We fused EGFP with
Tom20 using the AEADG peptide as a linker, which allowed EGFP to
localize to mitochondria. Upon caspase activation either through virus
infection or drug treatment, EGFP diffused into the cells due to caspase-
dependent cleavage at the AEAD site. Thus, the AEAD motif can be
employed to detect caspase activation in living cells. Furthermore, we
developed an AEAD peptide-derived inhibitor Z-AEAD-FMK, which
significantly inhibited the activities of multiple caspases, showing a
broad inhibitory effect on caspase activation. The caspase inhibitor
suppressed cleavage of multiple caspases substrates, such as BID, PARP1,
LMNA, pro-IL-1β, pro-IL-18, GSDMD and GSDME, protecting cells from
virus-induced apoptotic and pyroptotic cell death and inflammatory
response.



Fig. 4. Broad inhibition of Z-AEAD-FMK on virus-induced activation of multiple caspases. A Immunoblot analysis of caspases activation in THP-1PMA cells. Cells were
infected or mock infected with SeV at MOI ¼ 10 for 1 h, and then the media were replaced with fresh media and treated with Z-AEAD-FMK at 20 μmol/L for 11 h. The
culture supernatants (SN) were used to extract protein, and the indicated protein in supernatants or in lysates were determined. The asterisk (*) represents inactive
cleaved band of caspase. B Immunoblot analysis of caspases activation in THP-1PMA cells. Cells were infected or mock infected with HSV-1 at MOI ¼ 10 for 1 h, and
then the media were replaced with fresh media and treated with Z-AEAD-FMK at 20 μmol/L for 23 h. The culture supernatants (SN) were used to extract protein, and
the indicated protein in supernatants or in lysates were determined. The asterisk (*) represents non-specific bands. C Immunoblot analysis of the indicated proteins
cleavage in THP-1PMA cells. The process was described as (A). D Immunoblot analysis of the indicated proteins cleavage in THP-1PMA cells. The process was described
as (B). E–G Immunoblot analysis of the indicated proteins in THP-1PMA cells. Cells were infected or mock infected with SeV at MOI ¼ 10 for 1 h, and then the media
were replaced with fresh media and treated with the Z-AEAD-FMK or Z-VAD-FMK at indicated concentration for 11 h. The asterisks (*) represent inactive cleaved
bands of caspases. H, I Immunoblot analysis of the indicated proteins in THP-1PMA cells. Cells were infected or mock infected with SeV (H) or HSV-1 (I) at MOI ¼ 10
for 1 h, and then the media were replaced with fresh media, followed by Z-AEAD-FMK treatment at 20 μmol/L for the indicated times. Data are representative of three
experiments with similar results.
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Fig. 5. Z-AEAD-FMK inhibits caspase-mediated cell death pathway triggered by virus infection. A Immunoblot analysis of the indicated proteins in THP-1PMA cells.
Cells were infected or mock infected with SeV at MOI ¼ 10 for 1 h and then the media were replaced with fresh media and treated with Z-AEAD-FMK at 20 μmol/L for
11 h. B Immunoblot analysis of the indicated proteins in THP-1PMA cells. Cells were infected or mock infected with HSV-1 at MOI ¼ 10 for 1 h, and then the media
were replaced with fresh media and treated with Z-AEAD-FMK at 20 μmol/L for 23 h. C Immunoblot analysis of the indicated proteins in THP-1PMA cells. Cells were
infected or mock infected with SeV at MOI ¼ 10 for 1 h and then the media were replaced with fresh media and treated with Z-AEAD-FMK at 20 μmol/L for 11 h. The
culture supernatants (SN) were used to extract protein, and the indicated protein in supernatants or Tubulin in lysates were determined. D Immunoblot analysis of the
indicated proteins in THP-1PMA cells. Cells were infected or mock infected with HSV-1 at MOI ¼ 10 for 1 h and then the media were replaced with fresh media and
treated with Z-AEAD-FMK at 20 μmol/L for 23 h. The culture supernatants (SN) were used to extract protein, and the indicated protein in supernatants or Tubulin in
lysates were determined. E Fluorescence and quantitative analysis of the propidium iodide (PI)-positive THP-1PMA cells. Cells were infected or mock infected with SeV
at MOI ¼ 10 for 1 h and then treated with Z-AEAD-FMK at 20 μmol/L for 11 h, followed by PI staining. Scale bars, 250 μm. F Fluorescence and quantitative analysis of
the PI-positive THP-1PMA cells. Cells were infected or mock infected with HSV-1 at MOI ¼ 10 for 1 h and then treated with Z-AEAD-FMK at 20 μmol/L for 23 h,
followed by PI staining. Scale bars, 250 μm. G LDH release assays for the cytotoxicity of THP-1PMA cells. Cells were infected or mock infected with SeV at MOI ¼ 10 for
1 h and then treated with Z-AEAD-FMK at 20 μmol/L for 11 h. Extracellular LDH were determined. H LDH release assays for the cytotoxicity of THP-1PMA cells. Cells
were infected or mock infected with HSV-1 at MOI ¼ 10 for 1 h and then treated with Z-AEAD-FMK at 20 μmol/L for 23 h. Extracellular LDH were determined. **P <

0.01; ***P < 0.001; ns, not significant (One-way ANOVA test). Data are representative of three experiments with similar results (means with SD in E–H).
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Here, we developed an assay of identification of novel caspase
cleavage motifs. The assay is based on the characteristic of caspases
cleavage, that is, caspases always recognize substrates at the highly
specific tetrapeptide motifs (denoted as P4-P3-P2-P1) and cleave sub-
strates after P1 residue. We collected the cleavage sites of nine caspases,
including caspases-1, -3, -4, -6, -7, -8, -9, -10 and -14, from the MEROPS
peptidase database. Based on the characteristics of caspase cleavage
motifs, we analyzed the preference of each caspase at each position of the
motif and obtained 25 tetrapeptide motifs. Strikingly, 24 of the 25 motifs
have been verified and the novel motif AEAD was verified to be a func-
tional caspase cleavage site. Further analysis is needed to analyze
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whether all the proteins contain the AEAD motif are susceptible for
caspase cleavage and which functionalities are involved upon these
cleavage events.

In general, synthetic caspase inhibitors are classified as peptide-based
and non-peptide based compounds (Dhani et al., 2021). Both Z group and
FMK group are commonly used modification groups for peptide-based
caspase inhibitors. Among that, Z group is a key protecting group for
amines in peptide synthesis and could enhance the hydrophobicity of the
caspase inhibitor, thereby being cell-permeant. The FMK group is a
commonly used C-terminal modification group for caspase inhibitors.
The Asp (D) was modified with the reactive electrophilic FMK group,



Y. Fang et al. Virologica Sinica 39 (2024) 755–766
enabling the inhibitor Z-AEAD-FMK to covalently link with the nucleo-
philic active thiol site of caspase in an irreversible way (Dhani et al.,
2021). Collectively, the Z and FMK modifications of AEAD peptide make
Z-AEAD-FMK become a cell-permeant and irreversible caspase inhibitor.
The binding affinity between Z-AEAD-FMK and purified caspase proteins
should be tested in the future research.

Regulation of caspase activity may also find potential clinical appli-
cation. For example, the reversible caspase-1 inhibitor VX-765 (belna-
casan) was used to treat the inflammatory disease psoriasis in a phase II
clinical trial (clinical trial: NCT00205465) (Dhani et al., 2021). VX-740
(pralnacasan), another caspase-1 inhibitor, was orally used in a phase
II clinical trial for the treatment of rheumatoid arthritis (RA) and oste-
oarthritis (OA) (Rudolphi et al., 2003; Dhani et al., 2021). Nevertheless,
clinical application of caspase inhibitors faces the challenges, namely an
inadequate efficacy, poor target specificity or adverse side effects.
Development of the caspase inhibitor Z-AEAD-FMK provides an alter-
native backbone that can be further developed to analyze its potential of
being applied for therapeutic purposes such as anti-inflammation
treatment.

5. Conclusions

In conclusion, we developed an assay for identifying novel caspase
cleavage motifs. With this assay we identified a novel caspase cleavage
motif AEAD, and confirmed its presence in cellular proteins and sus-
ceptibility to caspase cleavage. Furthermore, we showed that AEAD
peptide-derived Z-AEAD-FMK is a novel pan caspase inhibitor, which
broadly inhibits multiple caspases during virus infection, protecting cells
from virus-induced apoptotic and pyroptotic cell death and inflamma-
tion. Z-AEAD-FMK can be further developed to investigate its potential
for clinical therapeutic purposes such as anti-inflammation therapy.
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