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Abstract
While apoptosis regulation has been studied extensively in Drosophila melanogaster, similar
studies in other insects, including disease vectors, lag far behind. In D. melanogaster, the inhibitor
of apoptosis (IAP) protein DIAP1 is the major negative regulator of caspases, while IAP
antagonists induce apoptosis, in part, by binding to DIAP1 and inhibiting its ability to regulate
caspases. In this study, we characterized the roles of two IAP antagonists, Michelob_x (Mx) and
IMP, in apoptosis in the yellow fever mosquito Aedes aegypti. Overexpression of Mx or IMP
caused apoptosis in A. aegypti Aag2 cells, while silencing expression of mx or imp attenuated
apoptosis. Addition of recombinant Mx or IMP, but not cytochrome c, to Aag2 cytosolic extract
caused caspase activation. Consistent with this finding, AeIAP1 bound and inhibited both initiator
and effector caspases from A. aegypti, and Mx and IMP competed with caspases for binding to
AeIAP1. However, a difference was observed in the BIR domains responsible for Dronc binding
by AeIAP1 versus DIAP1. These findings demonstrate that the mechanisms by which IAP
antagonists regulate apoptosis are largely conserved between A. aegypti and D. melanogaster,
although subtle differences exist.
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Introduction
Apoptosis is a genetically controlled mechanism of cell death which is important in
development, tissue homeostasis, and innate immunity. Apoptotic cells are characterized by
nuclear chromosomal condensation and fragmentation, cell membrane blebbing, and
formation of apoptotic bodies. These features of apoptosis are directly caused by caspases, a
family of cysteine proteases which are activated following an apoptotic stimulus. A core
apoptosis pathway exists in nematodes, insects, and vertebrates (referred to as the intrinsic
pathway in vertebrates) which regulates apoptosis by controlling the activation of caspases.
In broad terms, the core apoptotic pathway controls the activation of initiator caspases,
which occurs by formation of the apoptosome, a complex that promotes initiator caspase
dimerization. Activated initiator caspases cleave and activate effector caspases, which
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cleave key cellular substrates, leading to the stereotypical morphological changes associated
with apoptosis.

The major components of the core apoptotic pathway are largely conserved among
metazoans, but there are some differences in how caspase activation is regulated between
phyla [1, 2]. At this point, our knowledge of apoptosis regulation in insects comes almost
entirely from studies done in a single insect species, Drosophila melanogaster. Given the
immense diversity which exists among insects, and the varied evolutionary pressures
experienced by different insect groups, it is important to examine the process of apoptosis
regulation in other insects. For example, even fruitflies and mosquitoes, which are both
members of the order Diptera, are separated by ~250 million years of evolution [3], and
these two groups of insects have been exposed to very different evolutionary pressures, with
mosquitoes having an aquatic larval stage and relying on vertebrate blood feeding for
reproduction. In addition, the sequencing of 11 additional Drosophila genomes has revealed
that there are differences in the number of caspase genes even within this genus [4].

In D. melanogaster, there are three initiator caspases (Dronc, Dredd, and Strica), and four
effector caspases (Drice, DCP-1, Damm and Decay). Among these, Dronc and Drice are the
most important in carrying out apoptosis, with DCP-1 playing a minor role that is only
evident in certain cell types in the absence of Drice [5, 6]. Dronc is recruited by the
oligomerizing factor Ark into an apoptosome complex, resulting in Dronc activation through
dimerization followed by auto-cleavage [7-10]. Activated Dronc cleaves and activates Drice,
leading to apoptosis [7].

In vertebrates, the release of cytochrome c from mitochondria in response to an intrinsic-
type apoptotic stimulus plays an essential role in apoptosome formation because of the role
of cytochrome c as an essential cofactor for Apaf-1 (reviewed in [9]). Conversely, in most
Drosophila cell types, apoptosome formation and Dronc activation occurs constitutively,
without a requirement for cytochrome c [11-14]. However, cytochrome c is required for
apoptosis in the fly retina [15] and for caspase activation during sperm development [16]. In
addition there appears to be a role for mitochondria in Drosophila apoptosis, although not
necessarily in caspase activation [17, 18]. A recent report also indicates that cytochrome c is
released from mitochondria and plays an important role in caspase activation in lepidopteran
cells [19]. Thus more research is still required to define the role of cytochrome c in
apoptosis in Drosophila and other insects.

In most types of unstimulated D. melanogaster cells, apoptosome formation is constitutive
and apoptosis is avoided only because the IAP protein DIAP1 is able to bind Dronc and
Drice and cause their ubiquitination [20, 21]. Thus, interruption of the expression of DIAP1
protein or the ability of DIAP1 to bind to Dronc or Drice leads to rapid apoptosis, even in
the absence of an exogenous apoptotic signal [11, 12, 22, 23]. DIAP1 contains two
baculovirus IAP repeat (BIR) domains and a RING domain; the BIR domains are
responsible for the physical interaction with caspases, while the RING domain confers E3
ubiquitin ligase activity.

The BIR2 domain of DIAP1 interacts with Dronc by binding to a twelve residue motif
located between the prodomain and the large catalytic subunit of Dronc [24]. Effector
caspase (Drice and DCP-1) binding is accomplished by the BIR1 domain of DIAP1, which
binds to a motif that is revealed following cleavage of the caspases, and the resulting
binding blocks enzymatic activity through steric occlusion [25, 26]. After binding, the N-
terminal 20 amino acids of DIAP1 are removed by active Drice, which relieves auto
inhibition of DIAP1 by the N-terminal region [26, 27]. However, the physical interaction
between DIAP1 and Drice or Dronc cannot completely inhibit these caspases. The RING
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domain of DIAP1 is also required because of its ability to promote caspase ubiquitination,
which can result in caspase degradation via the proteosome [20, 24]. In addition, non-
degradative polyubiquitination of Drice and DCP-1 by DIAP1 reduces the activation of
these caspases by steric interference with binding of substrate [21].

IAP antagonists are a group of proteins which share little sequence similarity other than a
highly conserved N-terminal motif called the IAP binding motif (IBM), which allows
binding to BIR domains. Elevated levels of IAP antagonists induce apoptosis, in part by
competing with caspases for the binding sites of DIAP1. IAP antagonists in D. melanogaster
include the cytoplasmic proteins Reaper, Hid, Grim and Sickle. These IAP antagonists have
different binding affinities for DIAP1 BIR domains, with Reaper and Grim showing equal
preference for binding to the BIR1 and BIR2 domains, while Hid and Sickle have higher
affinity for BIR2 than BIR1 [28]. In addition to competing for IAP binding with caspases,
IAP antagonists also induce apoptosis through other mechanisms, including stimulation of
DIAP1 auto-ubiquitylation [20, 29, 30] and global inhibition of protein translation, a
property shared by Reaper and Grim [31]. Reaper, Grim and Sickle also contain a GH3
domain, which can stimulate cell death in the absence of an IBM [32].

Aedes aegypti is an important disease vector, being the principal vector for dengue and
yellow fever viruses. The availability of mosquito genome sequences has allowed the
initiation of the study of apoptosis in mosquitoes. A number of genes have been identified in
A. aegypti and other mosquitoes that share sequence homology with apoptosis regulatory
genes in D. melanogaster [33-35]. Expression of Aedes albopictus IAP1 protects
mammalian cells from bluetongue virus-induced apoptosis and rescues insect Sf9 cells from
apoptosis induced by overexpression of Hid [36]. In addition, silencing of A. aegypti IAP1
(AeIAP1) in adult females caused significant death in mosquitoes, but the mechanism
involved was not explored [37]. The core apoptosis pathway appears to be largely conserved
in A. aegypti, as silencing of iap1 causes spontaneous apoptosis in A. aegypti Aag2 cells,
and apoptosis is dependent on Dronc and Ark, while silencing the effector caspases casps7
or casps8 partially inhibits apoptosis [38]. In addition to AeIAP1, which is an ortholog of
DIAP1, the A. aegypti genome also contains orthologs of the IAP-related genes DIAP2,
survivin, and Bruce [33, 34].

Two IAP antagonist genes have been identified in A. aegypti, Michelob_x (Mx) and IMP.
Like other IAP antagonists, Mx and IMP share little overall homology with each other or
other IAP antagonists outside of the IBM, suggesting rapid evolution of these genes [39].
Although Mx was recently shown to contain a partial GH3 domain, it is not capable of
inducing apoptosis without the IBM [40]. Expression of these genes in A. albopictus C6/36
cells induces apoptosis, which is dependent on the N-terminal IBM [34, 39, 41]. However, it
is not clear whether the A. aegypti IAP antagonists normally function in apoptosis, and if
they do, whether the mechanisms involved are similar to those used by IAP antagonists
found in D. melanogaster.

In this study, we have examined the proapoptotic functions of Mx and IMP in A. aegypti
cells. By silencing expression of mx and imp, we found that both genes are involved in
apoptosis. We further characterized the ability of IAP antagonists and A. aegypti caspases to
bind IAP1, and examined the competition between IAP antagonists and caspases for binding
to IAP1. This work is the first to characterize the interactions between IAP1, IAP
antagonists, and caspases in mosquitoes.
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Results
Overexpression of IAP antagonists induces apoptosis in mosquito cells

Four IAP antagonist genes, A. aegypti michelob_x (mx), A. albopictus michelob_x (Almx), A.
aegypti imp (imp), and D. melanogaster reaper (rpr) have been shown to induce apoptosis
when overexpressed in A. albopictus C6/36 cells [34, 39, 41]. To determine whether
overexpression of these IAP antagonists also induces apoptosis in the A. aegypti cell line
Aag2, we expressed the proteins using a recombinant Sindbis virus (SINV) expression
system due to low transfection efficiency in existing A. aegypti cell lines. We previously
constructed a series of recombinant SINVs which express Mx and Rpr by inserting the
coding regions of these genes into the TE5′2J(TE) SINV infectious clone in either sense or
antisense (as a control) orientations [41]. For this study, additional clones were constructed
containing AlMx and Imp (sense and antisense). When Aag2 cells were infected at high
multiplicity of infection (100 pfu/cell) with TE/Mx, TE/AlMx, TE/IMP or TE/Rpr, the cells
underwent apoptosis within the first 24 h p.i., while cells infected with the viruses
containing antisense inserts or the parental TE virus did not die, and instead exhibited
typical signs of persistent infection. At 24 h p.i., Aag2 cells expressing the IAP antagonists
exhibited extensive plasma membrane blebbing and formation of apoptotic bodies (Fig. 1a).
Similar results were obtained when C6/36 cells were infected with the viruses expressing
IAP antagonists ([41] and data not shown). Thus, overexpression of IAP antagonists induced
apoptosis in Aag2 cells, although induction of apoptosis required infecting at a higher
multiplicity of infection than in C6/36 cells ([41] and data not shown). This was probably
due to the fact that Aag2 cells do not support SINV replication to the same degree as C6/36
cells, which exhibit extremely high levels of SINV replication and lack an antiviral RNA
interference response [42, 43].

To quantify the death of Aag2 cells infected with viruses expressing IAP antagonists, cell
viability was quantified by MTT assay, which measures metabolic activity [41]. Although
the MTT assay does not specifically measure apoptotic death, apoptotic cells lose metabolic
activity within a short time, and the MTT assay is a convenient assay to determine cell
viability. Aag2 cells infected with TE/Mx, TE/AlMx, TE/IMP or TE/Rpr had significantly
lower viability than mock-infected cells or cells infected with the control viruses containing
antisense inserts (Fig. 1b).

We further examined initiator and effector caspase activity in Aag2 cells using the caspase
substrates Ac-IETD-AFC and Ac-DEVD-AFC, respectively. Consistent with the extensive
morphological signs of apoptosis seen in Fig. 1a, Aag2 cells expressing IAP antagonists
exhibited dramatically increased caspase activity compared to uninfected cells and cells
infected with control viruses (Fig. 1c, d). These data, along with the morphological
characteristics of the dying cells (Fig. 1a), confirmed that cell death induced by
overexpression of IAP antagonists was due to apoptosis.

Silencing of IAP antagonists attenuates apoptosis in Aag2 cells
Although overexpression of IAP antagonists induced apoptosis in Aag2 cells, this does not
necessarily mean that these proteins are normally involved in carrying out apoptosis. To
study the role of A. aegypti IAP antagonists in apoptosis, we used RNA interference (RNAi)
to silence expression of mx and imp in Aag2 cells. Transcript levels of mx and imp were
dramatically decreased by 12 h after dsRNA treatment and remained low through at least 48
h, as compared with control dsRNA treatment and mock-treated cells (Fig. S1).

Next, we tested whether silencing mx or imp could protect cells from apoptosis stimulated
by actinomycin D (Act D) or iap1 dsRNA. Both of these stimuli have been shown to induce
apoptosis in many insect cell lines, including Aag2 [12, 22, 23, 38, 44]. After cells were
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treated with mx or imp dsRNA for 24 h, cells were treated with 50 ng ml−1 of Act D or 5 μg
ml−1 iap1 dsRNA for 12 h. Cell viability was then measured using MTT assay (Fig. 2), and
RT-PCR was used to confirm that the genes were being silenced (Fig. S2). A pan-caspase
inhibitor, Z-VAD-FMK, inhibited the majority of Act D- or iap1 RNAi-stimulated cell
death, indicating that the cell death was caspase-dependent. Silencing of mx or imp increased
the viability of Act D- or Aeiap1 dsRNA-treated cells, while silencing mx and imp together
had an additive effect (Fig. 2). These data indicate that Mx and IMP function in the
apoptotic pathway or pathways stimulated by Act D and iap1 dsRNA.

IAP antagonists physically interact with AeIAP1
To study the biochemical interactions between IAP antagonists and IAP1, several
recombinant proteins were expressed in and purified from E. coli (Fig. S3). Recombinant
Mx, IMP, and Rpr proteins were C-terminally His-tagged, and either included or lacked the
N-terminal IBM. In addition, a series of N-terminally GST-tagged AeIAP1 proteins were
expressed and purified, including full length AeIAP1, BIR1 alone, BIR2 alone, or BIR1 and
2 together (Fig. S4).

To test whether Mx or IMP interact with AeIAP1, we used pull down assays. Initially, equal
amounts of His-tagged recombinant IAP antagonist proteins were incubated with in vitro
translated, 35S-labeled AeIAP1, and the resulting protein complexes were purified using the
His-tag. Mx, IMP and Rpr were each able to pull down AeIAP1, and this interaction was
dependent on the presence of the IBM in the IAP antagonists (Fig. 3a). Mx and IMP
appeared to have a higher affinity for AeIAP1 than Rpr, which is consistent with the species
of origin of the proteins, and could potentially be due to a single amino acid difference in the
IBM sequence of Rpr versus Mx and IMP (Fig. S3a).

To further define the sites of interaction between AeIAP1 and the IAP antagonists, GST-
tagged BIR1 and BIR2 of AeIAP1 were pulled down with a biotin-labeled IBM peptide
representing amino acids 2-6 of both Mx and IMP (AIAFYK-biotin). We found that the
IBM peptide bound equally well to both BIR1 and BIR2, suggesting that Mx and IMP can
bind to either BIR domain (Fig. 3b). Consistent with previous results using IAP antagonist
proteins [28, 45-47], the interaction required the first Ala residue of the IBM to be exposed
at the N terminus, since a control peptide containing an N-terminal Met residue (Met-Hid)
had greatly reduced binding (Fig. 3b).

AeIAP1 inhibits IAP antagonist-induced caspase activation
To test whether AeIAP1 can counteract the proapoptotic activity of IAP antagonists, we
examined caspase activity in C6/36 cells and lepidopteran SF-21 cells expressing IAP
antagonists with or without AeIAP1 or DIAP1. Expression of Mx, IMP or Rpr caused
caspase activation in these two cell lines, while co-expression of AeIAP1 or DIAP1
decreased the level of caspase activity induced by the IAP antagonists (Fig. 4) and also
inhibited IAP antagonist-induced apoptosis (data not shown).

AeIAP1 physically interacts with caspases
To test whether AeIAP1 physically interacts with caspases, we first examined the interaction
between GST-tagged AeIAP1 or its BIR domains and in vitro translated caspase proteins by
pull down assays using glutathione beads (Fig. 5a). The effector caspases CASPS7 and
CASPS8 mainly interacted with BIR1; however, CASPS7 also interacted to a lesser degree
with BIR2 and appeared to have a higher affinity for AeIAP1 than CASPS8, based on the
ratio of bound versus input for each protein. Initiator caspase AeDronc bound more strongly
to BIR1 although weaker binding to BIR2 was observed (BIR1 and BIR2 bound 70.9% and
45.2% of input, respectively) while AeDredd and Drosophila Dronc only interacted with
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BIR1 (Fig. 5a). In contrast, Drosophila Dronc bound only to BIR2 of DIAP1, not BIR1 (Fig.
S5), as has been previously reported [24].

The assay in Fig. 5a used full length (unprocessed) caspase protein. In vitro translated
caspase proteins are normally full length, while recombinant caspases expressed in bacteria
often undergo auto-activating cleavage due to the effect of concentration during the
purification process [8, 48]. To test whether there was a difference in the interaction
between AeIAP1 and activated (cleaved) caspases versus full length caspases, we activated
in vitro translated AeDronc by incubation with a small amount of recombinant AeDronc,
and then tested the interaction between AeIAP1 and activated AeDronc by pull down assay.
In vitro translated, full length AeDronc was partially processed by active recombinant
AeDronc into 4 fragments, plus some remaining full-length protein (Fig. 5c). Based on the
size of the fragments and homology with D. melanogaster Dronc, the 40 KD fragment most
likely consisted of the prodomain and large (p20) subunit, the 23 KD fragment represented
the large subunit, the 17 KD fragment was the prodomain, and the 11.8 KD fragment was
the small (p10) subunit. In D. melanogaster, DIAP1 binds to a motif (residues 114-125)
located between the prodomain and the p20 subunit of Dronc [24]. Similarly, binding was
only observed between AeIAP1 and full length AeDronc or fragments of AeDronc
containing residues 1-147 (Fig. 5c). Binding was observed with both BIR1 and BIR2 but
was stronger with BIR1 (BIR1 and BIR2 bound 79.9 and 50.2% of input, respectively),
similar to the results observed with full-length AeDronc (Fig. 5a).

To test the interaction between AeIAP1 and processed CASPS7 and CASPS8, purified
CASPS7 or CASPS8 from E. coli were incubated with AeIAP1 and interacting caspase
proteins were visualized by western blotting with anti-His antibody (Fig. 5d). The
interaction between active CASPS7 and BIR1 was stronger than between CASPS8 and
BIR1. Interaction was observed between the p10 subunit of CASPS7 and BIR1, while a
weak interaction between CASPS8 and BIR1 was observed for the partially processed p20 +
p10 intermediate. CASPS7 interacted only with BIR1 (Fig. 5d), consistent with the results
obtained using unprocessed CASPS7 and CASPS8 (Fig. 5a). Interestingly, active CASPS7
was not pulled down by full length GST-AeIAP1. Since D. melanogaster Drice cleaves
DIAP1 after residue 18 [26], a possible explanation for the lack of interaction with GST-
AeIAP1 is that active CASPS7 may cleave AeIAP1 near its N terminus, removing the GST
domain and not allowing purification of AeIAP1-associated proteins. A similar cleavage site
(DFTD18) is conserved in AeIAP1. The GST-BIR1 construct used in this experiment
contains residues 24–118, and so did not include this putative cleavage site (Fig. S4).

AeIAP1 inhibits the activity of initiator and effector caspases
Having shown that AeIAP1 binds to AeDronc, CASPS7, and CASPS8, we next investigated
whether AeIAP1 is able to inhibit the activity of these caspases, both in cells and in vitro.
After C6/36 cells were transfected with CASPS7, CASPS8 or AeDronc, cells exhibited
higher activity against the effector caspase substrate Ac-DEVD-AFC than mock-transfected
cells, which received only transfection reagent (Fig. 6a). Cotransfection of AeIAP1 or
DIAP1 with each of the caspases decreased the caspase activity (Fig. 6a). However, since
endogenous caspases were probably activated by overexpressed CASPS7, CASPS8, or
AeDronc, it was not possible to conclude which caspase(s) were directly inhibited by
AeIAP1 based on these results.

To examine the ability of AeIAP1 to inhibit caspases directly, we purified recombinant IAP
and caspase proteins from E. coli and performed in vitro caspase assays. AeIAP1 and
DIAP1 inhibited AeDronc, while the baculovirus P35 protein did not (Fig. 6b), which is
consistent with the known specificity of P35 for effector caspases [48, 49]. AeIAP1 and
DIAP1 also inhibited the activity of CASPS7 and CASPS8, which were also inhibited by
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P35 and Z-VAD-FMK (Fig. 6c, d). These data demonstrate that AeIAP1 functions as a
caspase inhibitor through direct physical interaction with AeDronc, CASPS7, and CASPS8.

IAP antagonists release initiator and effector caspases from inhibition by AeIAP1
In D. melanogaster, it has been shown that IAP antagonists are able to compete with
caspases for binding to DIAP1 [24, 26]. To test whether this can also occur in A. aegypti, we
performed an in vitro competition assay. The ability of AeIAP1 to inhibit AeDronc was
reduced by the addition of IAP antagonists Mx, IMP or Rpr, as compared with the addition
of IAP antagonist IBM mutants or control GB protein [50] (Fig. 7a). Interestingly, Mx
exhibited stronger ability to replace AeDronc from AeIAP1 than IMP, as demonstrated in
the in vitro caspase assay and pull down assay (Fig. 7a, b). The ability of AeIAP1 to inhibit
CASPS7 was also reduced upon addition of recombinant Mx, IMP, or Rpr (Fig. 7c). These
results indicated that IAP antagonists can compete with caspases for binding to the BIR
domains of AeIAP1, and thus release caspases from inhibition by AeIAP1.

The role of cytochrome c in caspase activation
The role of cytochrome c in apoptosis in D. melanogaster and other insects remains
controversial. To test whether cytochrome c is involved in caspase activation in Aag2 cells,
we homogenized Aag2 cells in the presence of a high concentration of sucrose to prevent the
rupture of mitochondria, and separated the cell lysate into P10 (heavy membrane) and S100
(cytosolic) fractions. Cytochrome c was only detected in the P10 fraction (Fig. S6),
consistent with its mitochondrial localization and with previous reports using D.
melanogaster cells [13, 14, 51, 52]. As expected, the S100 fraction from unstimulated Aag2,
C6/36 or S2 cells did not exhibit significant caspase activity (Figs. 8, S7). However,
incubation with recombinant Mx or IMP protein induced caspase activation in S100 from
Aag2 or C6/36 cells (Figs. 8a, S7), similar to previous results obtained using S2 cells [14].
These results indicated that an excess of IAP antagonist protein was able to activate caspases
in S100, presumably by relieving caspase inhibition by AeIAP1.

We next asked whether addition of cytochrome c was capable of activating caspases in
cytosolic extract. Addition of purified cytochrome c and dATP to S100 from mammalian
cells causes apoptosome formation and caspase activation, but exogenous cytochrome c
does not cause caspase activation in S100 from D. melanogaster embryos or S2 cells [13,
14, 51]. Mixing S100 from Aag2 cells or S2 cells with purified bovine cytochrome c protein
and dATP did not show increased caspase activity as compared to mock treatment (Fig. 8b),
which indicated that cytochrome c was not able to stimulate caspase activation in S100 from
Aag2 cells. It is possible that the source of the cytochrome c used in the assay (bovine)
could be the cause of this negative result. However, we consider this unlikely since bovine
cytochrome c can activate caspases in lepidopteran cell extract [19], and cytochrome c from
D. melanogaster is able to cause caspase activation in extracts from human cells [14].

Discussion
The molecular pathways that regulate apoptosis are largely conserved among metazoans;
however, there are significant differences in how apoptosis is regulated between nematodes,
insects, and mammals. To date, apoptosis has only been studied in detail in a single insect,
D. melanogaster. Although initial characterizations of a few genes involved in mosquito
apoptosis have been reported, we are still in the early stages of understanding apoptosis
regulation in mosquitoes. In this study we explored the mechanisms of apoptosis regulation
in a cell line from the mosquito A. aegypti.
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Overexpression of the IAP antagonists Rpr, Mx, AlMx and IMP in Aag2 cells induced
apoptosis, demonstrating these proteins are sufficient to induce apoptosis. Furthermore, they
are also involved in apoptosis, since silencing expression of IAP antagonists Mx or IMP in
Aag2 cells reduced apoptosis induced by Act D or Aeiap1 RNAi. Silencing Mx and IMP
together had an additive effect, but still did not provide complete protection. This could be
due to incomplete silencing of these genes at the protein level; however, it is also quite
possible that additional IAP antagonists exist in the A. aegypti genome which have not yet
been discovered due to the low level of sequence similarity between most IAP antagonists.
Also consistent with this is the observation that silencing of Mx or IMP provided only
temporary (up to around 12 h) protection from Act D- and Aeiap1 silencing-induced death,
even when both Mx and IMP were silenced. By 24 h, the protective effect was no longer
evident, which is not the case when other genes such as Aedronc are silenced ([38] and data
not shown).

IAP antagonists are thought to act upstream of IAPs, which raises the question why we
observed partial protection against apoptosis induced by silencing Aeiap1 when we co-
silenced Mx or IMP (Fig. 2b). One possibility is that the silencing of Aeiap1 is incomplete,
such that reducing the levels of Mx and/or IMP allows lower levels of AeIAP1 to still be
able to function and prevent caspase activation. However, it is also possible that Mx and
IMP function both upstream and downstream of AeIAP1.

The IBM sequence is indispensable for the interaction between IAP antagonists and IAPs,
with the first 4 amino acids being especially critical [2]. The IBM sequences of Mx and IMP
are identical over the first 5 amino acids, raising the question of whether Mx and IMP can
bind equally to AeIAP1. We found that D. melanogaster Rpr, whose IBM differs from that
of Mx and IMP in the second residue, had less affinity for AeIAP1 than A. aegypti Mx and
IMP (Fig. 3a). Even though IMP and Mx showed similar binding affinity to AeIAP1 and
similar ability to displace CASPS7 from AeIAP1, Mx displaced AeDronc from AeIAP1
better than IMP (Fig 7a; b). However, further experiments are necessary to determine
whether Mx and IMP are redundant, or whether they play different roles in apoptosis, as
seen for Drosophila IAP antagonists.

Our results indicate that there is a difference in the BIRs responsible for binding to Dronc in
AeIAP1 versus DIAP1. Effector caspases CASPS7 and CASPS8 only interacted with BIR1
but not BIR2 of AeIAP1, similar to the way that DIAP1 interacts with Drice and DCP-1.
Binding was observed between AeDronc and both BIR1 and BIR2, but binding was stronger
to BIR1. However, Drosophila Dronc only binds to BIR2 of DIAP1 ([24]; Fig. S5).
Interestingly, Drosophila Dronc also bound only to the BIR1 domain of AeIAP1 in our
assays (Fig. 5a). These results suggest that the detailed mechanism of Dronc binding may be
slightly different between AeIAP1 and DIAP1, involving mainly BIR1 in AeIAP1 instead of
BIR2. However, both IAPs appear to bind to a similar region in AeDronc and Drosophila
Dronc, which is a motif located between the prodomain and the large subunit [24]. While
binding of AeIAP1 was able to inhibit AeDronc, CASPS7 and CASPS8 in vitro, whether or
not ubiquitination is involved in caspase inhibition by AeIAP1 requires further study.

The role of cytochrome c in insect apoptosis is still not clear. While most Drosophila cell
types do not appear to require cytochrome c for apoptosis, it is required in the retina and
during spermatogenesis [15, 16]. Furthermore, a recent study suggest that cytochrome c
plays a role in apoptosis in a lepidopteran cell line [19], suggesting that this aspect of
apoptosis regulation may be different in other insects. Our results suggest that cytochrome c
is not required for caspase activation in Aag2 cells, since addition of purified cytochrome c
did not induce caspase activation in cytoplasmic extract, while caspases were activated by
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addition of recombinant Mx or IMP. However, additional research will need to be done
before a firm conclusion can be drawn about the role of cytochrome c in A. aegypti.

Despite the immense and rich diversity that exists among insects, prior to this and another
recent related study [38], our understanding of the molecular mechanisms involved in
apoptosis regulation in insects was mostly based on a single species, D. melanogaster. A
more detailed understanding of the mechanisms of apoptosis regulation in disease vectors
such as mosquitoes will not only enhance our knowledge of apoptosis regulation in insects,
but also help us to better understand the interactions between pathogens and mosquitoes and
allow for enhanced disease control methods targeting the apoptosis pathway in disease
vectors.

Materials and methods
Cell culture

Aedes aegypti Aag2 cells (obtained from Carol Blair, Colorado State University) and D.
melanogaster S2 cells (Invitrogen) were maintained in Schneider’s medium (Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals). A.
albopictus C6/36 cells were cultured in Leibovitz’s medium (Invitrogen) containing 10%
FBS. Spodoptera frugiperda SF-21 cells were propagated in TC-100 medium (Invitrogen)
with 10% FBS. BHK-21 cells were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) (Mediatech) supplemented with 10% FBS. Aag2, C6/36, S2 and SF-21 cells were
maintained at 27°C, and BHK21 cells were cultured at 37°C in 8% CO2.

Recombinant viruses
The coding regions of A. aegypti imp and A. albopictus mx cDNAs were amplified by PCR
and cloned into the SINV DNA infectious clone pTE5′2J (TE) in the sense and antisense
orientation. Construction of TE/Rpr, TE/Mx and TE viruses have been described previously
[41]. Viruses were generated using BHK-21 cells and virus titres were determined by tissue
culture infectious dose (TCID50) assay in BHK-21 cells as previously described [41]. Cells
were infected as previously described [41] except that infections were done at an moi of
100/pfu/cell.

Caspase activity assay
Caspase activity was measured using Ac-DEVD-AFC or Ac-IETD-AFC (Enzyme Systems
Products) as a substrate. Cell lysate was prepared and assays were performed as previously
described [41].

RNAi procedure
Full-length ORFs were PCR-amplified such that T7 polymerase promoter sites were
incorporated onto both ends. The PCR products were used as template to synthesize dsRNA
using AmpliScribe T7 High Yield Transcription kit (EPICENTRE Biotechnologies). One
million Aag2 cells were plated in Schneider’s medium without serum and the dsRNA was
added directly to the medium at a concentration of 10 μg ml−1. After the cells were
incubated with dsRNA for 1–2 h, FBS was added to a final concentration of 10%. The cells
were incubated for 24 h before proceeding with the rest of the experiments.

RT-PCR
Aag2 cells were treated with dsRNA and at the indicated time points after treatment, total
RNA was isolated using Trizol reagent (Invitrogen). One μg total RNA was used as a
template to generate cDNA in a 10 μl reverse transcriptase reaction (Promega) with
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poly(dT) primer. Two microliters of cDNA was then used as template for PCR with gene-
specific primers.

Transfection assay
The coding regions of Aeiap1, CASPS7, CASPS8, Aedronc, mx, imp, and Drosophila rpr and
diap1 were inserted under control of a hsp70 promoter in the pHSP70PLVI+ vector [53].
One million SF-21 or C6/36 cells were transfected with 5 μg of each plasmid and 5 μl
lipofectamine in medium without serum. After 6 h, cells were washed 3 times and replaced
with medium plus 10% FBS. Twenty hours later, cells were incubated at 42°C for 30 min
and harvested 3 h after the heat shock.

Recombinant protein and peptide preparation
N-terminally tagged GST-AeIAP1, GST-AeIAP1 BIR1 (containing amino acid residues
24-118 of AeIAP1), GST-AeIAP1 BIR2 (residues 188-278) and GST-AeIAP1 BIR1+2
(residues 17-349) were cloned into the pGEX-3x vector. GST-DIAP1 was inserted in the
pGEX-4T-1 vector. C-terminally tagged CASPS7-His6, CASPS8-His6, Rpr-His6, Rpr-IBM-
His6, IMP-His6, IMP-IBM-His6, Mx-His6 and Mx-IBM-His6 were cloned into pET23b.
His6-AeDronc (N-terminally tagged) was inserted into pET32. GB-His6/pET30a(+) was a
gift from Katsura Asano (Kansas State University). These vectors were transformed into
BL21pLysS(DE)3 E. coli (Stratagene). Bacterial cultures were grown at room temperature
to OD600 = 0.6, at which time they were induced with 0.1 M IPTG for 3 h. Proteins were
purified using either glutathione-agarose beads (Sigma) for GST-tagged proteins or with
Talon Metal Affinity Resin (Clontech) for the His6-tagged proteins, according to the
instructions of the manufacturer. The IBM peptide (AIAFYK-biotin) was synthesized by
New England Peptide and the Met-Hid peptide (MAVPFYLPEGGK-biotin) was previously
described [14, 47].

Pull down assay
To examine the interaction of IAP antagonists (Mx, IMP and Rpr) with full length AeIAP1,
3.5 μM of recombinant His-tagged IAP antagonists or corresponding mutants were
incubated with 10 μl of in vitro translation reaction containing AeIAP1 in a 100 μl final
reaction with NP-40 lysis buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 1
mM dithiothreitol, 1 mM phenylmethyl sulfonyl fluoride) at 30°C for 1 h. Full length
AeIAP1 was made using the TNT T7/SP6 Coupled Reticulocyte Lysate System (Promega).
After incubation, the reaction was mixed with 40 μl of Talon Metal Affinity Resin
(Clontech) and rocked at 4°C for 2 h. The beads were washed three times with NP-40 lysis
buffer. The bound proteins were pulled down with beads and dissolved in Laemmli buffer
by heating the samples at 100°C for 5 min. Proteins were separated by 15% SDS-PAGE.
After electrophoresis, gels were treated with fixing solution (30% methanol and 10% acetic
acid) for 1 h and soaked in 16% salicylic acid for 5 min. After drying, gels were exposed to
film at −80°C.

To examine IAP binding motif (IBM) interaction with BIR domains of AeIAP1, 5 μg of
IBM peptide (AIAFYK-biotin) was added to 40 μl of streptavidin-conjugated beads (Sigma)
with NP-40 lysis buffer up to 500 μl as a final volume and rocked for 1 h at 4°C to allow the
peptide to bind to the beads. The beads were washed three times with NP-40 lysis buffer and
incubated with 0.5 μM of GST-AeIAP1 BIR1 or BIR2 recombinant protein in 500 μl of
NP-40 lysis buffer for 1 h at 4°C. After incubation, the beads were washed three times with
NP-40 lysis buffer and bound protein was dissolved in Laemmli buffer by heating beads at
100°C for 5 min. Proteins were analyzed by immunoblotting using anti-GST monoclonal
antibody conjugated to horse radish peroxidase (Santa Cruz Biotechnology) at 1:1000.
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To test caspase interaction with AeIAP1, 10 μl of 35S-labeled in vitro translation reaction for
each caspase were incubated with 2.5 μM of a GST-tagged protein in a 100 μl reaction with
NP-40 lysis buffer at 30°C for 1 h. After incubation, the reaction was added to 40 μl of
glutathione-agarose beads (Sigma) and rocked overnight at 4°C. The beads were washed
three times with NP-40 lysis buffer and the bound proteins were separated by SDS-PAGE.
The gels were dried and exposed to film at −80°C.

To study the interaction of active caspases and AeIAP1, cleaved 35S labeled AeDronc or
active CASPS7 or CASPS8 recombinant proteins were used. To obtain cleaved 35S labeled
AeDronc, 10 μl of full length in vitro translated AeDronc was incubated with 0.5 μM active
recombinant AeDronc at 30°C for 1 h. The active 35S labeled AeDronc and the active
CASPS7 or CASPS8 recombinant proteins were incubated with 0.5 μM GST-tagged protein
(GST-BIR1, GST-BIR2, GST-AeIAP1 or GST) at 30°C for 1 h, and further incubated with
40 μl of glutathione-agarose beads for 1 h at 4°C, followed by washing and visualization as
described above.

Viability assays
The viability of Aag2 cells was measured by MTT assay as previously described [41].

Cell fractionation
Cell fractionation was performed as previously described [14]. Cells were harvested by
centrifugation at 500g for 5 min. Cell pellets were re-suspended in 1 ml of Caspase Buffer A
[14] (20 mM Hepes KOH, pH 7.5, 50 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT in 250 mM sucrose supplemented with protease inhibitor cocktail). Cells
were lysed using 50 strokes of a Dounce homogenizer and cells were further centrifuged at
500g for 10 min at 4°C. After the supernatant was centrifuged at 10,000g for 15 min at 4°C,
the pellet (P10) was re-suspended in 1 ml of Caspase Buffer A with 10% glycerol and stored
at −80°C. After the supernatant was further centrifuged at 100,000g for 30 min at 4°C, 10%
glycerol was added to the resulting supernatant (S100) and stored at −80°C. The ability of
cytochrome c purified from bovine heart to cause caspase activation was assayed as
previously described [14].

Immunoblotting
Protein or cell lysate were mixed with SDS-PAGE loading buffer, heated at 100°C for 5 min
and resolved by 15% SDS-PAGE, and then transferred to PVDF membrane. The GST-
tagged or His-tagged recombinant proteins were detected with 1:1000 anti-GST-HRP or
anti-His-HRP antibody (Santa Cruz Biotechnology). The P10 and S100 fractions from cells
were immunoblotted for cytochrome c using 1:1000 anti-cytochrome c antibody ab28137
(Abcam) and 1:5000 anti-mouse IgG-HRP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
SINVs expressing Mx, IMP, or Rpr cause apoptosis in Aag2 cells. a–d Cells were mock-
infected or infected with the indicated viruses and analysis was conducted at 24-h post
infection. Virus names ending in “as” indicate control constructs where the insert is in
antisense orientation. a Morphology of infected cells. Aag2 cells were photographed at 400x
magnification. b Aag2 cell viability was determined by MTT assay. c, d At 24 h p.i., cell
lysate was prepared and caspase activity was determined using Ac-IETD-AFC or Ac-
DEVD-AFC as a substrate. Data are shown as mean ± SEM of three independent
experiments (***P < 0.0001; *P < 0.05 by Student’s t test)
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Fig. 2.
Silencing expression of mx or imp protects Aag2 cells from apoptotic stimuli. Aag2 cells
were treated with the indicated dsRNAs for 24 h, and then 50 ng ml−1 of Act D (a) or 5 μg
ml−1 of Aeiap1 dsRNA (b) were added. Twelve hours later, cell viability was determined by
MTT assay. Data are shown as mean ± SEM of three independent experiments (***P <
0.0001; **P < 0.001 by Student’s t test)
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Fig. 3.
A. aegypti IAP antagonists directly bind to AeIAP1, and binding is dependent on the IBM. a
The indicated His-tagged recombinant proteins were incubated with 35S-labeled AeIAP1,
after which protein complexes were purified using Talon resin and examined by
autoradiography. GB is a control protein, the B1 domain of streptococcal protein G [50]. b
Streptavidin-agarose beads were incubated with biotinylated peptides containing amino
acids 2–6 of Mx and IMP, or 1–11(Met-Hid) of Hid, or buffer. Recombinant proteins (GST-
BIR1, GST-BIR2, or GST) were added, and the protein that bound was eluted and detected
by immunoblotting with anti-GST antibody. Input represents 10% of the amount of the
relevant protein added to the beads
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Fig. 4.
AeIAP1 and DIAP1 inhibit IAP antagonist-induced caspase activation. C6/36 cells (a) or
SF-21 cells (b) were co-transfected with IAP antagonist constructs and plasmids expressing
AeIAP1 or DIAP1, or a control irrelevant plasmid. Cell lysates were prepared at 23 h post-
transfection and caspase activity was determined using Ac-DEVD-AFC as a substrate. Data
are shown as mean ± SEM of three independent experiments (***P < 0.0001; *P < 0.01; #P
< 0.05 by Student’s t test)
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Fig. 5.
Interactions between AeIAP1 and initiator or effector caspases. a In vitro translated caspases
were incubated with recombinant proteins (GST-BIR1, GST-BIR2, GST-BIR1+2, GST-
AeIAP1, or GST) or buffer alone, and protein complexes were purified using glutathione-
agarose beads and examined by autoradiography. b Coommassie Blue staining of
recombinant proteins used in the pull down assay. c Full-length in vitro translated AeDronc
was incubated with active recombinant AeDronc to obtain labeled, processed AeDronc,
which was then incubated with GST-BIR1, GST-BIR2, GST-AeIAP1 or GST and pulled
down with glutathione-agarose beads and examined by autoradiography. Putative processing
sites are predicted based on homology with D. melanogaster Dronc. d Active His-tagged
CASPS7 or CASPS8 recombinant protein was incubated with GST-tagged recombinant
protein (GST-BIR1, GST-BIR2, GST-AeIAP1 or GST) and pulled down with glutathione-
agarose beads. Proteins that bound were eluted and detected by immunoblotting with anti-
His antibody
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Fig. 6.
AeIAP1 and DIAP1 inhibit the activity of AeDronc and effector caspases CASPS7 and
CASPS8. a C6/36 cells were transfected with CASPS7 or CASPS8 constructs, with or
without a plasmid expressing AeIAP1 or DIAP1 or a control plasmid. Cell lysates were
prepared at 23 h post transfection and caspase activity was determined using Ac-DEVD-
AFC as a substrate. b–d Recombinant protein (AeIAP1, DIAP1, P35 or GST) (10 μM) or Z-
VAD-FMK (100 μM) was incubated with 0.5 μM active caspases (AeDronc, CASPS7 or
CASPS8) at 30°C for 1 h. Caspase activity was determined using Ac-IETD-AFC or Ac-
DEVD-AFC as a substrate. Data are shown as mean ± SEM of three independent
experiments (***P < 0.0001; **P < 0.001; NS non-significant by Student’s t test)
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Fig. 7.
IAP antagonists release AeDronc from inhibition by AeIAP1. a Recombinant GST-AeIAP1
(10 μM) was incubated with 0.5 μM of active AeDronc, followed by addition of
recombinant IAP antagonists (Mx, IMP or Rpr) (10 μM) or control GB protein (10 μM).
After 1 h incubation, caspase activity was determined using Ac-IETD-AFC as a substrate.
Data are shown as mean ± SEM of three independent experiments (***P < 0.0001; *P =
0.0255 by Student’s t test). b In vitro translated AeDronc was incubated with recombinant
GST-AeIAP1 (2.5 μM) for 1 h, after which 2.5 μM IAP antagonists (Mx, Imp or Rpr) or
corresponding mutants or GB control protein were added and incubated for 1 h. Radioactive
labeled AeDronc bound to GST-AeIAP1 was pulled down with glutathione agarose beads
and examined by autoradiography. c The same experiment in a was performed using
CASPS7 instead of AeDronc
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Fig. 8.
IAP antagonists induce caspase activation in mosquito cell cytoplasmic lysate, and
cytochrome C does not. a Fifty μg S100 lysate isolated from Aag2 cells was incubated with
recombinant protein (Mx or IMP or control GB) (10 μM) prior to determining caspase
activity using Ac-IETD-AFC as a substrate. b Fifty μg S100 lysate was incubated with
cytochrome C (2 μg), ATP (2 mM) and MgCl2 (1 mM), and caspase activity was determined
using Ac-DEVD-AFC as a substrate. Data are shown as mean ± SEM of three independent
experiments (***P < 0.0001; NS non-significant by Student’s t test)
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