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 Independent Proteolytic Activities Control 
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bers. We also showed that a C-terminal ubiquitin ligase ac-
tivity within inhibitor of apoptosis 2 directs the proteasom-
al destruction of full-length and truncated inhibitor of 
apoptosis 2 isoforms. These studies add to our appreciation 
of the regulation of innate immunity and suggest potential 
links between apoptotic caspases and innate defenses. 

 © 2015 S. Karger AG, Basel 

 Introduction 

 The  Drosophila melanogaster  immune deficiency 
(IMD) pathway orchestrates a rapid immunological re-
sponse upon detection of a bacterial diaminopimelic pep-
tidoglycan (PGN)  [1] . The IMD pathway has striking mo-
lecular similarities and critical physiological differences 
to the mammalian tumor necrosis factor (TNF) pathway. 
TNF signals through a homotrimeric TNF receptor to 
drive a number of context-dependent events that may in-
clude leukocyte extravasation, differentiation, prolifera-
tion and caspase-8-mediated cell death  [2] . In contrast, 
the IMD pathway signals through a PGN recognition 
protein (PGRP) receptor to coordinate a nonapoptotic 
defense that includes elevated levels of circulating antimi-
crobial peptides.
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 Abstract 

 The  Drosophila  immune deficiency pathway defends many 
bacterial pathogens and bears striking molecular similari-
ties to the mammalian tumor necrosis factor signal trans-
duction pathway. Orthologous inhibitors of apoptosis 
ubiquitin ligases act at a proximal stage of both responses 
to coordinate the assembly of signal transduction plat-
forms that shape host immune responses. Despite the im-
portance of inhibitor of apoptosis proteins within evolu-
tionarily conserved innate immune responses, we know 
relatively little about the cellular machinery that controls 
inhibitor of apoptosis activity. In this study, we examined 
the molecular basis for inhibitor of apoptosis 2 protein reg-
ulation in the immune deficiency pathway. Our studies 
identified two distinct proteolytic events that determine 
the stability and composition of cellular inhibitor of apop-
tosis 2 protein pools. We found that apoptotic caspase ac-
tivity cleaves inhibitor of apoptosis 2 at an N-terminal as-
partate to generate a truncated protein that retains the 
ability to interact with immune deficiency pathway mem-
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  Despite the overt differences between the IMD and the 
TNF pathway at the levels of ligand-receptor interactions 
and host response, both pathways share an evolutionarily 
conserved core of signal transduction molecules. In both 
cases, the receptor recruits a death domain-bearing adap-
tor that signals through inhibitor of apoptosis protein 
(IAP)-type ubiquitin ligases to a Tak1-associated binding 
protein (TAB)-TGF-β-activated kinase 1 (TAK1)-I-κB 
kinase (IKK) axis that activates nuclear factor (NF)-κB 
transcription factors. Many components of the IMD 
pathway were identified in a series of genetic and molec-
ular studies that spanned a decade. Subsequent work de-
lineated a complex arrangement of biochemical events 
that define IMD signals. While some details require clar-
ification in animal models, available data suggest that the 
PGRP-LC receptor binds extracellular PGN  [3–7]  and 
nucleates a proximal complex that contains the death do-
main-bearing adaptor molecule Imd  [8–10] , the  Dro-
sophila  Fas-associated death domain (FADD) ortholog 
 [11–13]  and the caspase-8 ortholog Dredd  [14–17] . Dredd 
proteolytically removes the N-terminal 30 amino acids of 
Imd  [18]  and cleaves between the N-terminal NF-κB do-
main and the cytosolic ankyrin domain of the p105 ortho-
log Relish (Rel)  [17, 19] .

  The N-terminal residues of cleaved Imd constitute an 
IAP binding motif that recruits the RING domain-bear-
ing  Drosophila  E3 ubiquitin ligase IAP2. Early studies im-
plicated IAP2 in the control of programmed cell death in 
 Drosophila   [20, 21] . Later mutant and biochemical stud-
ies revealed an essential requirement for IAP2 in the IMD 
response  [22–25] . Biochemical data suggest that IAP2 is 
required for the conjugation of K63-linked ubiquitin 
chains to Dredd and Imd  [18, 26] . By analogy to events in 
the TNF pathway, it is likely that ubiquitylated Imd re-
cruits the  Drosophila  TAB2 ortholog  [22, 24, 27]  to initi-
ate a kinase relay via the  Drosophila  TAK1 ortholog  [28, 
29] , which simultaneously activates  Drosophila  c-Jun N-
terminal kinase (JNK)  [30–32]  and IKK modules  [33–35] . 
The IKK complex phosphorylates the NF-κΒ domain of 
Rel to establish a nuclear pool of phosphorylated NF-κΒ 
that promotes a rapid and comprehensive antibacterial 
transcriptional response.

  Despite the apparent similarities between vertebrate 
TNF and invertebrate IMD signals, there are profound 
differences at the level of caspase activity. Whereas Dredd 
is a caspase-8 ortholog with an essential role in IMD re-
sponses and no known roles in cell death, mammalian 
caspase-8 acts at a later stage of the TNF pathway to in-
duce an apoptotic response  [36] . Active caspase-8 engag-
es mitochondrial apoptotic factors to induce proteolytic 

activation of the initiator caspase-9, which stimulates a 
complex feed-forward loop that results in disassembly of 
the responding cell by apoptosis. In contrast to mamma-
lian systems, there are no established interactions be-
tween the IMD response and the  Drosophila  caspase-9 
ortholog Dronc  [37–40] .

  The remarkable differences between caspase involve-
ment in the TNF and IMD pathways prompted us to ex-
plore the proximal, caspase-dependent events in the IMD 
pathway. We were particularly interested in relationships 
between  Drosophila  caspases and IAP2, as there are com-
paratively few data on the cellular control of IAP2 protein 
levels. In this study, we identified the interaction domains 
between IAP2 and Dredd, and produced cell culture and 
whole animal data that validated an N-terminal cleavage 
of IAP2 by apoptotic caspases. We demonstrated that 
cleaved IAP2 retains the ability to interact with IMD sig-
nal transduction molecules and suggest that Dronc is the 
principal caspase required for the cleavage of IAP2. We 
also uncovered a caspase-independent, proteasomal reg-
ulation of total IAP2 protein levels. Combined, our data 
expand our appreciation of the molecular regulation of an 
evolutionarily ancient and essential immune response 
pathway, and suggest possible connections between 
apoptotic caspases and immune signaling in  Drosophila .

  Materials and Methods 

 S2 Cell Culture 
 S2 cells were cultured at 25   °   C in HyQ TNM-FH medium (Hy-

Clone) with 10% heat-inactivated fetal bovine serum, 50 units/ml 
penicillin and 50 μg/ml streptomycin (Invitrogen). For transient 
transfections, cells were plated at 1 × 10 6  cells/ml and transfected 
with 2 μg/ml of plasmid DNA with Cellfectin II (Invitrogen) ac-
cording to the manufacturer’s recommendations. Expression anal-
ysis and immunoprecipitations were performed with 1 ml of cells 
in 12-well tissue culture plates or 3 ml of cells in 6-well plates, re-
spectively. To monitor protein stability, S2 cells were incubated 
with 2.5 μg/ml of the translation inhibitor cycloheximide (Sigma) 
for the indicated times. To activate the IMD pathway, cells were 
treated with 5 μg/ml PGN (InvivoGen). To block proteasomal ac-
tivity, cells were incubated with MG132 in DMSO (Sigma) for 3 h. 
RNAi was performed as described previously  [41] . To inhibit cas-
pase function, S2 cells were incubated with 100 μ M  of the general 
caspase inhibitor zVAD-FMK in DMSO (R&D Systems) for 3 h. 
To induce apoptosis, S2 cells were incubated with 25 μg/ml cyclo-
heximide in DMSO for 8 h.

  Generation of Expression Plasmids 
 The IAP2, Dredd, DreddCA and FADD expression constructs 

used in this study have been described elsewhere  [41] . The Dredd 
variant used is the γ isoform of the Dredd *  described previously  [42] . 
The remainder of the expression constructs were generated by PCR 
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from the respective cDNAs using the primers indicated in  table 1 . 
The individual PCR products were cloned into pENTR/D-TOPO 
(Invitrogen). Epitope-tagged expression constructs were generated 
by LR recombination with pAMW (6 × Myc) or pAHW (3 × HA) in 
a gateway LR clonase reaction according to the manufacturer’s in-
structions (Invitrogen). To generate UAS-IAP2 transgenic flies, 
pENTR/D-TOPO IAP2 was recombined with pTMW in a gateway 
LR clonase reaction. Transgenic flies were made by Bestgene Inc.

   Table 2  lists the primers used for site-directed mutagenesis of 
the respective cDNAs. To eliminate the parental (methylated) 
plasmid DNA, the newly synthesized nonmethylated DNA prod-
uct was digested with 20 U Dpn1 (New England Biolabs) for 1 h at 
37   °   C. Of the final reaction, 3 μl were transformed into 50 μl com-
petent DH5α  Escherichia coli. 

  The sequence of each expression construct was verified before 
use.

  Immunoprecipitation 
 Cells were centrifuged at 1,000  g  for 3 min and lysed in 200 μl 

lysis buffer [50 m M  HEPES (pH 7.5), 10 m M  EDTA (pH 8), 100 m M  
NaCl, 0.2% Nonidet P-40, protease inhibitors (Roche Applied Sci-
ence), phosphatase inhibitors (Sigma, phosphatase inhibitor mix-
ture)] for 10 min at 4   °   C. Samples were cleared by centrifugation 
at 21,000  g  for 10 min at 4   °   C and then incubated with mouse anti-
HA (Sigma, 1:   400) at 4   °   C overnight. A 1:   1 slurry of BSA-blocked 
protein G-Sepharose beads in lysis buffer (Amersham Biosciences) 
was added and samples were incubated for an additional hour at 
4   °   C. Beads were pelleted three times by centrifugation briefly at 
300  g  and washed in lysis buffer. After the final wash, the superna-
tant was discarded and beads were resuspended in 2× sample buf-
fer for analysis by Western blot.

  Western Blots 
 Western blots were performed as described  [39] . The antibod-

ies used in this study were: rabbit anti-Myc (Sigma, 1:   5,000); 
mouse anti-tubulin (DSHB E7, 1:   1,000); mouse monoclonal anti-
HA (Sigma, 1:   5,000); rabbit anti-JNK (Santa Cruz Biotechnology, 
1:   4,000) and mouse anti-phospho-JNK (Cell Signaling, 1:   2,000).

  Results 

 Structural Evaluation of Interactions between Dredd 
and IAP2 
 To identify the structural determinants of interactions 

between Dredd and IAP2, we monitored the ability of 
truncated IAP2 and Dredd variants to interact. For these 
studies, we generated an N-terminally HA-tagged full-
length IAP2 expression construct, as well as HA-tagged 
expression constructs that lacked the N-terminal baculovi-
rus IAP repeat (BIR) motif 1 (IAP2 76–498); BIR motifs 1 
and 2 and the RING domain (IAP2 180–450), or the RING 
domain (IAP2 1–450;  fig. 1 a). We tested each IAP2 con-
struct for its ability to precipitate N-terminally Myc-tagged 
Dredd in co-immunoprecipitation assays. We found that 
the HA antibody alone failed to immunoprecipitate Myc-
Dredd ( fig. 1 b, lane 5). In contrast, we readily detected a 
co-precipitation of MycDredd with all IAP2 expression 

 Table 1. Primers for expression constructs

Name Forward Reverse

IAP2Δ75 CACCATGCTGGCTCCCAATCACTGC TCACGAAAGGAACGTGCGC
IAP2 180–450 CACCATGCAAATGGGCCCCCTTATAGAG TCATAAGCGTGCATCCTTTAG
IAP2 1–450 CACCATGACGGAGCTGGG TCATAAGCGTGCATCCTTTAG
Dronc CACCATGCAGCCGCCGGA CTATTCGTTGAAAAACCCGGGATTG
Dredd – prodomain CACCATGTCAGCGAGTGC TCAATCCGTGCCATCCCG
Dredd – catalytic subunit CACCGTGGATAAAGAACGACTAATCG TCACAGACGAGGTGG

 Table 2. Primers for site-directed mutagenesis

Name Forward Reverse

IAP2D92A CCCAGGAGCCAGGAGAGCGCCAACGAGGGAA
ACAGCG

CGCTGTTTCCCTCGTTGGCGCTCTCCTGGCT
CCTGGG

IAP2D100A CGAGGGAAACAGCGTAGTGGCCAGCCCGGA
GTCCTGC

GCAGGACTCCGGGCTGGCCACTACGCTGTTT
CCCTCG

IAP2C472Y GGCGTAGTGTTCCTGCCCTATGGCCACTTGGCC
ACCTGC

GCAGGTGGCCAAGTGGCCATAGGGCAGGAACAC
TACGCC

DroncC318S GGTGCTTATGTTTCCCTTTTCCCGCGGCGATG
AATATG

CATATTCATCGCCGCGGGAAAAGGGAAACATA
AGCACC
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constructs tested ( fig. 1 b, lanes 6–9). We interpret these 
data to suggest that the central 180–450 amino acids of 
IAP2 are sufficient to sustain interactions with Dredd.

  In reverse experiments, we tested the ability of HA-
tagged IAP2 to precipitate MycDredd, the caspase do-
main of Dredd, the prodomain of Dredd or a catalytically 
inactive Dredd. While the HA antibody failed to immu-

noprecipitate any Dredd variant ( fig. 1 c, lanes 1–4), we 
observed a robust co-precipitation of the respective 
Dredd variants with IAP2 ( fig. 1 c, lanes 6–9). These data 
suggest that the prodomain and catalytic subunits of 
Dredd form separate interactions with IAP2.

  Caspase Activity Modifies IAP2 Protein Levels 
 Our studies of Dredd-IAP2 interactions consistently re-

vealed the appearance of two polypeptides of distinct mo-
lecular weights (MW) upon expression of epitope-tagged 
IAP2 constructs in S2 cells. We observed a comparatively 
faint protein with an MW consistent with full-length IAP2 
and a second protein of considerably shorter length that 
suggests N-terminal processing of IAP2 in S2 cells [ fig. 2 b, 
marked as IAP2(cl)]. We observed a similar cleavage prod-
uct upon expression of MycIAP2 with an inactivating 
point mutation in the RING domain (IAP2C472Y); My-
cIAP2 with a deletion of the N-terminal 75 amino acids 
(MycIAP2 76–498), or C-terminally Myc-tagged IAP2 
(IAP2Myc;  fig. 2 b). We also detected N-terminal process-
ing of IAP2 upon expression of a C-terminally Myc-tagged 
IAP2 transgenic construct in the fat bodies of adult flies 
( fig. 2 c). Combined, our data suggest a RING domain-in-
dependent N-terminal processing of IAP2 in cell culture 
and in vivo, and they are consistent with a previous report 
of caspase-mediated cleavage of IAP2 in S2 cells  [21] .

  To confirm caspase involvement in the processing of 
IAP2, we incubated S2 cells that expressed IAP2 or 
 IAP2C472Y with the caspase inhibitor z-VAD-FMK. We 
treated each cell with the translation inhibitor cyclohexi-
mide and monitored the relative stability of the individu-
al proteins. We noticed a substantial stabilization of full-
length IAP2 in S2 cells treated with z-VAD-FMK irrespec-
tive of the location of the myc tag ( fig. 2 d, e). When we 
treated S2 cells with nonlethal doses of the translation in-
hibitor cycloheximide, we noticed that the cleaved IAP2 
product persisted longer than the full-length isoform 
( fig. 2 e, lanes 2–8). Inactivation of the RING domain cat-
alytic activity stabilized full-length IAP2 (compare  fig. 2 f, 
lanes 2–8, to  fig. 2 d, lanes 2–8). However, we still detected 
a z-VAD-sensitive processing of RING domain mutant 
IAP2 ( fig. 2 f). These data suggest two proteolytic regula-
tions of the IAP2 protein: caspase-dependent generation 
of an N-terminal cleavage product and RING domain-
mediated destabilization of the full-length protein.

  Synergistic Control of IAP2 Protein Levels 
 As RING domains are frequently implicated in the 

ubiquitin-mediated destruction of substrate proteins via 
the proteasome, we explored the impact of proteasomal 
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  Fig. 1.   a  Schematic illustration of the IAP2 expression constructs 
used in this study. Numbers indicate BIR motifs in the respective 
constructs and a dark grey box indicates the RING domain. MW 
of the respective expression constructs including the 3HA tag are 
indicated below each protein.  b ,  c  Co-immunoprecipitation stud-
ies of lysates from S2 cells that were transfected with the expression 
constructs indicated at the top of the gel, and immunoprecipitated 
with a monoclonal anti-HA antibody. Input and immunoprecipi-
tate fractions were visualized with anti-HA and anti-myc antibod-
ies as indicated. MW is shown for each blot in kilodaltons. 
 MycDreddCA indicates a proteolytically inactive variant of 
 MycDredd. IgH indicates the Ig heavy chain from immunopre-
cipitations ( b ). 
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inhibition on IAP2 protein levels. For these assays, we 
transfected S2 cells with an IAP2Myc expression plasmid 
and incubated the cells with increasing doses of the pro-
teasomal inhibitor MG132. We found that all concentra-
tions above 10 μ M  MG132 stabilized both the full-length 
and cleaved IAP2 isoforms ( fig. 3 a). The data in  figure 3 a 
suggest that proteasome inhibition does not affect the N-
terminal cleavage of IAP2. These observations led us to 
ask if caspase activity and the proteasome synergistically 
control the levels of full-length IAP2. To test this hypoth-
esis, we monitored IAP2 in S2 cells with independent or 
parallel inhibition of the effector caspase Dronc and the 
proteasome. Consistent with an involvement of caspases 
in the processing of IAP2, we found that expression of 
wild-type Dronc accelerated cleavage of IAP2, and ex-
pression of a dominant inhibitory Dronc variant 
(DroncCS) prevented processing of IAP2 ( fig. 3 b, lanes 2 
and 3, respectively). Inhibition of the proteasome with 
MG132 also resulted in moderate stabilization of full-
length IAP2 ( fig.  3 b, lane 4). In contrast, simultaneous 
inhibition of the proteasome and expression of DroncCS 
greatly increased the levels of full-length IAP2 ( fig.  3 b, 
lane 6). These findings uncover two separate proteolytic 
controls of IAP2 protein levels. Caspase activity generates 
a truncated protein independent of RING domain activ-
ity, and the IAP2 RING domain induces proteasomal 
degradation of both IAP2 isoforms.

  Identification of the Caspase That Cleaves IAP2 
 A previous study demonstrated cleavage of IAP2 by 

Drice in vitro    [21] . To examine potential effects of addi-
tional   caspases on IAP2, we tested all known  Drosophila 
 caspases for effects on the N-terminal proteolysis of IAP2. 
We used RNAi to deplete S2 cells of the seven annotated 
 Drosophila  caspases and measured the consequences for 
IAP2 cleavage. Caspase RNAi did not impair the expres-
sion or stability of the control  Drosophila  protein FADD 
( fig. 4 a). Depletion of Drice had minimal effects on IAP2 
cleavage. In contrast, loss of the initiator caspase Dronc 
greatly impaired cleavage of IAP2 and stabilized the full-
length version ( fig. 4 b). To test requirements for Dronc 
in IAP2 cleavage and exclude potential off-target effects 
from our initial  dronc  dsRNA, we generated a second, 
nonoverlapping  dronc  dsRNA. Both dsRNA species pre-
vented expression of Dronc and did not alter the expres-
sion of the control protein FADD ( fig. 4 c). Likewise, both 
dsRNA molecules blocked cleavage of IAP2 and stabi-
lized the full-length protein ( fig. 4 c). We observed identi-
cal results for IAP2 proteins with Myc tags at the N or C 
terminus ( fig. 4 c).
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  Fig. 2.   a  Schematic illustration of IAP2 expression constructs used 
in this study.  b  Western blot analysis of lysates from S2 cells that 
were transfected with the expression constructs indicated in the 
table. Cleaved IAP2 isoforms are indicated with IAP2(cl).  c  West-
ern blot analysis of lysates from adult flies of the genotype  cgGAL4/
UASiap2 . Four separate  UASiap2  transgenic lines were used for 
these assays.  d–f  S2 cells were transfected with the expression con-
structs indicated at the top of each gel, and incubated with the 
translation inhibitor cycloheximide (CHX) for the indicated times. 
Samples were pre-incubated with DMSO or z-VAD-FMK as 
shown. Total cell lysates were immunoblotted with anti-myc anti-
bodies where indicated. Cleaved IAP2 isoforms are indicated with 
IAP2(cl) and asterisks indicate a cross-reacting sample in Myc 
blots. For each blot, tubulin was measured as a loading control and 
MW is shown in kilodaltons. 
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  To validate a requirement for Dronc in the cleavage of 
IAP2, we monitored the effects of Dronc expression on 
IAP2 protein levels. Overexpression of Dronc did not al-
ter the stability of the control protein FADD, but resulted 
in a complete loss of full-length IAP2 with a persistent 
expression of the N-terminal cleavage product ( fig. 4 d). 
Overexpression of Dronc enhanced IAP2 processing re-
gardless of the location of the Myc tag or the presence of 
an active RING domain on IAP2 ( fig.  4 d). Finally, we 
found that expression of DroncCS stabilized full-length 
IAP2 ( fig. 4 d). Combined, these data suggest a novel role 
for Dronc in the N-terminal cleavage of IAP2.

  Dronc Is Required for IAP2 Cleavage 
 The data presented in  figure 4  implicate Dronc in the 

proteolysis of IAP2. However, as Dronc is an initiator cas-
pase in the  Drosophila  apoptotic pathway, we cannot ex-
clude indirect effects of Dronc on the processing of IAP2 
via additional proteases, such as the effector caspase 
Drice. To explore this possibility, we examined the con-
sequences of simultaneous depletion of Dronc and Drice 
for IAP2. We first validated the efficacy of our Dronc and 
Drice RNAi regime by inhibition of apoptosis in S2 cells. 
IAP1 is an essential inhibitor of apoptosis in  Drosophila , 
and loss of IAP1 results in widespread apoptosis ( fig. 5 a, 
b). Dual depletion of Dronc with IAP1, or Drice with 
IAP1, completely reverted the induction of apoptosis by 
depletion of IAP1 alone, indicating an efficient knock-
down of both caspases.

  We also looked at IAP2 processing in cells treated with 
the same dsRNA at the same time as the assays performed 
in  figure 5 a, b. While inactivation of Dronc greatly dimin-
ished cleavage of IAP2, depletion of Drice had minimal 
effects ( fig. 5 c, lanes 2 and 3). Moreover, dual depletion 

of Dronc and Drice had nearly identical effects on IAP2 
processing as depletion of Dronc alone ( fig. 5 c, lanes 4 
and 6). Finally, we confirmed that expression of Dronc 
increased the extent of IAP2 processing ( fig. 5 d, lanes 4 
and 7). As expected, Dronc RNAi partially reverted the 
accelerated processing observed upon Dronc expression 
( fig. 5 d, lane 8). In contrast, Drice RNAi did not appear 
to diminish IAP2 processing ( fig. 5 d, lane 9). Thus, deple-
tion of Drice to levels sufficient to prevent the genetic in-
duction of apoptosis does not have appreciable effects on 
the extent of IAP2 processing. While we cannot exclude 
an involvement of residual Drice protein in IAP2 cleav-
age, we believe our data are more consistent with a prom-
inent role for Dronc in the N-terminal cleavage of IAP2.

  Identification of IAP2 Cleavage Sites 
 We then asked which residues of IAP2 are sensitive to 

caspase activity. Analysis of the primary amino acid se-
quence of IAP2 identified two prospective N-terminal 
caspase cleavage sites within IAP2 at residues 92 and 100 
( fig. 6 a). We converted the corresponding aspartates to 
alanines at both residues independently, or in tandem, 
and visualized the cleavage of the respective proteins. In-
troduction of an alanine at residue 92 (IAP2D92A) en-
hanced the cleavage of IAP2 and mutation of residue 100 
(IAP2D100A) visibly impaired IAP2 cleavage, suggesting 
a critical role for D100 in the regulation of IAP2 stability 
( fig. 6 b). In contrast, mutation of both residues to alanine 
(IAP2D92, 100A) completely blocked IAP2 cleavage 
( fig. 6 b). These data suggest that IAP2 is cleaved at two 
aspartates in S2 cells. However, examination of  figure 6 b 
reveals that the cleavage product for wild-type IAP2 mi-
grates the same distance as the D100A mutant, and thus 
corresponds to the shorter 92-residue peptide. Thus, we 
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each membrane as a loading control. 
Cleaved IAP2 is indicated with IAP2(cl); 
asterisk indicates a cross-reacting species 
in Myc blots. MW is shown in kilodaltons.         
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cannot exclude the possibility that aspartate 92 is the pri-
mary caspase substrate in S2 cells.

  To date, all studies of interactions between IAP2 and 
IMD pathway members examined physical interactions 
with the full-length IAP2 isoform. As our studies suggest 
that N-terminal cleavage of IAP2 is a constitutive event in 

cell culture and in vivo, we wanted to determine if cleaved 
IAP2 interacts with IMD partner proteins. For these as-
says, we expressed HA-tagged variants of FADD and 
Dredd alone, or together with IAP2Myc in S2 cells, and 
determined the ability of the respective IMD elements to 
co-immunoprecipitate cleaved IAP2. The HA antibody 
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failed to immunoprecipitate the cleaved isoform of 
 IAP2Myc ( fig. 6 c, lane 5). A cross-reacting band obscured 
the presence of full-length IAP2 in our immunoprecipita-
tion assays ( fig. 6 c, indicated with an asterisk). However, 
we successfully co-precipitated the cleaved IAP2 isoform 
with HA-tagged FADD and Dredd [ fig. 6 c, lanes 1 and 2, 
cleaved IAP2 indicated with IAP2(cl)]. These findings in-
dicate a novel involvement of apoptotic caspases in the 
generation of a truncated IAP2 variant that retains the 
ability to interact with immune response proteins. 

 Induction of Apoptosis Enhances Cleavage of IAP2 
 As Dronc is an essential initiator caspase in apoptosis 

with no known roles in the IMD pathway, we aimed to 
determine if induction of apoptosis enhances the proteo-
lytic cleavage of wild-type IAP2. To test this hypothesis, 
we expressed IAP2 and IAP2D92, 100A in S2 cells and 
induced apoptosis through the addition of toxic doses of 
cycloheximide. Induction of apoptosis did not alter the 
expression or processing of the control protein FADD, 
and the cycloheximide solvent DMSO did not affect IAP2 
cleavage ( fig. 7 a, lanes 1–4). We found that activation of 
the apoptotic pathway resulted in a complete N-terminal 
processing of IAP2 ( fig. 7 a, lanes 7–8) but failed to induce 
cleavage of the D92, 100A mutant ( fig. 7 a, lanes 11 and 
12). Simultaneous stimulation of the IMD pathway did 
not alter the enhanced cleavage of IAP2 in apoptotic cells. 
We then asked if signals through the IMD pathway alter 
the N-terminal cleavage of IAP2 in the absence of pro-
apoptotic signals. Incubation of S2 cells with PGN in-
duced a robust IMD response as measured by the phos-
phorylation of  Drosophila  JNK ( fig. 7 b) without any mea-
surable effect on IAP2 cleavage ( fig.  7 ). Our findings 
suggest that Dronc is required for constitutive N-termi-
nal cleavage of IAP2 and that apoptotic signals enhance 
IAP2 cleavage, while immunological signals do not.

  Discussion 

 The modules that govern the invertebrate IMD path-
way and vertebrate TNF death receptor signals show 
striking similarities, suggesting that both evolved from an 
ancient signal transduction cassette. In  Drosophila , the 
IMD pathway initiates an antimicrobial and prosurvival 
pathway via JNK and NF-κB responses to an exogenous 
signal, bacterial PGN. The vertebrate TNFR1 and DR3 
receptors engage similar adaptor molecules and enzymat-
ic relays to activate JNK and NF-κB responses. In contrast 
to  Drosophila , prolonged signaling through the TNF 

pathway induces apoptosis. A key step in the initiation of 
the apoptotic pathway is the release of the signaling com-
plex from the receptor and recruitment of FADD and cas-
pase-8  [36] . The  Drosophila  orthologs FADD and Dredd 
are integral components of a proximal IMD signal trans-
duction complex, but their presence does not result in 
apoptosis. Instead, it seems that Dronc is the sole initiator 
caspase in  Drosophila  apoptosis. In this study, we exam-
ined the relationship between the apoptotic caspase 
Dronc and the IMD pathway adaptor IAP2. Our data un-
covered two independent proteolytic modifiers of IAP2 
protein and implicate Dronc in the production of a 
cleaved IAP2 isoform that retains the ability to interact 
with IMD constituents.

  Altered molecular associations accompany the appar-
ent functional distinctions between Dredd and caspase-8. 
Whereas caspase-8 does not appear to interact physically 
with the  Drosophila  IAP2 ortholog cIAP1, Dredd forms a 
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molecular complex with IAP2. In agreement with a previ-
ous identification of the BIR3 of IAP2 as the mediator of 
Dredd-IAP2 interactions  [43] , we identified residues 
180–450 of IAP2 as sufficient for the association of IAP2 
with Dredd. However, in contrast to the earlier report, 
our study suggests that the prodomains or catalytic sub-
units of Dredd alone are sufficient to mediate Dredd-
IAP2 interactions.

  In our exploration of Dredd-IAP2 interactions, we in-
variably detected N-terminal processing of IAP2 in ly-
sates of S2 cells. Our findings partially overlap with a re-
port that Drice cleaves IAP2 in S2 cells at aspartate 100 
 [21] . We found that site-directed mutagenesis of aspar-
tate 100 prevented most but not all cleavage of IAP2. In 
contrast, mutations of aspartates 92 and 100 completely 
prevented the cleavage of IAP2. These observations indi-
cate that aspartate 92 may act as an alternative target for 
caspase activity, and our studies of the N-terminal cleav-
age product suggest that aspartate 92 is a substrate in the 
wild-type protein. However, our sequence analysis of or-
thologous mammalian IAP proteins suggests a greater 
conservation of aspartate 100 than aspartate 92, raising 
the possibility that D100 is of greater relevance as a cas-
pase substrate in vertebrates. Further studies are required 
to determine if mammalian caspases cleave pro-immune 
IAP orthologs. Our studies also suggest important roles 
for Dronc in the cleavage of IAP2. We found that RNAi-
based inactivation of Drice did not prevent IAP2 process-
ing, whereas inactivation of Dronc did. We also found 
that overexpression of Dronc accelerated cleavage of 
IAP2, while expression of a dominant inhibitory Dronc 
point mutant blocked IAP2 cleavage. Additional bio-
chemical studies are required to test if IAP2 is a direct 
substrate for Dronc. However, we believe our studies 
point at a substantial role for Dronc in the cleavage of 
IAP2. In support of a requirement for Dronc in the pro-
teolysis of IAP2, a previous study established that induc-
tion of apoptosis leads to IAP2 cleavage in vivo at a time 
that precedes Drice activation and overlaps with Dronc 
activation  [21] .

  Our extended studies of IAP2 proteolysis identified two 
separate controls on the stability of the IAP2 protein. We 
found that proteasomal inhibitors or inactivating muta-
tions in the RING domain stabilize IAP2, suggesting 
RING-dependent autoregulation, presumably through 
K48 conjugation of polyubiquitin chains. In addition, we 
showed that the RING domain acts in synergy with Dronc 
to control total levels of full-length IAP2. Despite the syn-
ergistic relationship between the RING domain and Dronc 
in the regulation of IAP2 stability, we believe that the phe-

notypic impacts of the two proteolytic events are distinct. 
We propose that RING domain-mediated proteolysis de-
pletes the cellular pool of total and cleaved IAP2, effec-
tively attenuating the strength of IMD activity. In contrast, 
Dronc generates a truncated IAP2 that retains the ability 
to associate with the IMD partner proteins FADD and 
Dredd. Cleaved IAP2 also has the RING domain required 
for ubiquitylation of Imd. Our observations suggest that 
Dronc activity does not diminish signal transduction 
through the IMD pathway. When we treated S2 cells with 
nonlethal doses of the translation inhibitor cycloheximide, 
we observed moderate stabilization of cleaved IAP2 rela-
tive to the full-length isoform ( fig. 2 e). These observations 
raise the possibility that Dronc may augment signal trans-
duction through the IMD pathway through the generation 
of a functional and more stable IAP2 isoform, although 
additional molecular studies are required to validate this 
hypothesis. Consistent with a possible role for moderate 
levels of apoptotic signals in the potentiation of IMD re-
sponses, a previous report noted that mild increases in 
proapoptotic signals increase antimicrobial peptide pro-
duction   in vivo    [23] . In addition, our previous search for 
quantitative modifiers of the IMD response found that loss 
of Dronc increased the strength of signal transduction 
through the IMD-JNK module  [44] . This finding overlaps 
with an established role for the IMD-Rel module in the at-
tenuation of the JNK component  [32] .

  In summary, we believe our findings point at two in-
dependent proteolytic mechanisms that tune the cellular 
pools of IAP2 isoforms. We consider Dronc of particular 
interest, as it is exclusively known for its role as an apop-
totic initiator. We speculate that our findings position 
Dronc as a sensor that tunes responses to physiological 
insults that typically warrant immunological or apoptotic 
responses. In this model, moderate stress may increase 
the level of Dronc activity to an extent that augments im-
mune responses in preparation for microbial assault. In 
cases where the stress signal is simply too high, the extent 
of Dronc signaling diverts the primary response to activa-
tion of an apoptotic response and the induction of cell 
death.
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