
Review

Understanding IAP function and regulation: a view from
Drosophila

BA Hay*,1

1 Division of Biology, MC 156-29, California Institute of Technology, 1200 East
California Boulevard, Pasadena, CA 91125, USA

* Corresponding author: Division of Biology, MC 156-29, California Institute of
Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA.
Tel: 626-395-3399; Fax: 626-449-0756; E-mail: haybruce@its.caltech.edu

Received 31.7.00; revised 20.8.00; accepted 23.8.00
Edited by S Kumar

Abstract
Apoptosis is an active form of cell suicide that results in the
orderly death and phagocytosis of cells during normal
development and in the adult. Many death signals lead to the
activation of members of a family of cysteine proteases known
as caspases. These proteins act to transduce death signals
from different cellular compartments and they cleave a
number of cellular proteins, leading ultimately to many of
the biochemical and morphological events associated with
death. Many mechanisms act to inhibit cell death upstream of
caspase activation. However, only one family of cellular
proteins, the inhibitorsof apoptosis (IAPs), hasbeen identified
that inhibit caspase activation and/or activity. The observa-
tions that IAP function is essential for cell survival in
Drosophila, and that IAP expression is deregulated in many
forms of cancer in humans, argue that IAPs are important cell
death inhibitors and that deregulation of their function is likely
tobe important inhumandisease.HerewereviewIAPfunction,
with particular reference to insights that study of the
Drosophila IAPs has provided. We also discuss some
directions for future study. Cell Death and Differentiation
(2000) 7, 1045 ± 1056.
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Discovery of the IAP family of cell death
inhibitors

In 1991 Lois Miller and colleagues described the identification
of a baculovirus protein, p35, from the Autographa californica
nucleopolyhedrovirus, that functioned to block lepidopteran
host cell death in the context of viral infection.1 Over the years
p35 has been shown to inhibit cell death in a variety of
organisms, in many different contexts (reviewed in refer-

ences2,3). A mechanistic basis for this inhibition was provided
when it was discovered that p35 acts as a broad specificity
inhibitor of members of the caspase family of proteases,
which act in many contexts as cell death signal transducers
and executioners.4,5 Baculovirus genomes have acquired
many genes from other genomes, presumably the host
cellular genome or genomes of other viruses (reviewed in
reference6). In Autographa californica, p35 occurs in a
nonconserved region, suggesting that it came from another
genome, perhaps its insect host. Recently a very divergent
p35 homolog, Sl-p49, was isolated from the Spodoptera
littoralis nucleopolyhedrovirus (SINPV).7 A comparison of p35
and Sl-p49 sequences identifies conserved regions that one
might hope would provide the basis for identification of cellular
p35 homologs. However, searches have thus far failed to
identify such proteins, leaving the origins and extent of this
family of caspase inhibitors unclear.

Following up on their identification of p35 as a
baculovirus encoded cell death suppressor, Miller and
colleagues carried out a screen to identify baculovirus
proteins that could suppress the death of lepidopteran cells
infected with a p35-deleted Autographa californica nuclear
polyhedrosis virus (AcMNPV) baculoviral strain. Death-
suppressing genes from two different viruses, Cydia
pomonella granulovirus (CpGV), and Orgyia pseudo-
tsugata nucleopolyhedrovirus (OpNPV) were identified.8 ± 10

The encoded proteins, Cp-IAP and Op-IAP, had no
similarity with p35, but showed a high degree of similarity
to each other, thus defining the first members of the
inhibitor of apoptosis (IAP) family of proteins. These
proteins contain two N-terminal repeats of an *70-amino
acid motif known as a baculovirus IAP repeat (BIR). As
discussed below, this motif plays an essential role in death
inhibition by all IAPs. In addition, Op-IAP and Cp-IAP also
contain a C-terminal RING finger domain. This domain is
required for death inhibition of some, but not all IAPs. RING
fingers have been found in proteins that function in a
number of different contexts. For some of these proteins
the RING domain confers ubiquitin ligase activity.11

Since the original identification of baculoviral IAPs, a
number of cellular proteins have been identified in
organisms ranging from yeast to humans that share
similarity with the baculoviral IAPs, based on the presence
of one or more copies of the BIR motif (reviewed in
references12 ± 15) (Figure 1). A number of these BIR repeat-
containing proteins (BIRPs) have been shown to function
as cell death inhibitors using various assays, usually
overexpression. In mammals these include XIAP (MIHA,
hILP), c-IAP1 (MIHB), c-IAP2 (MIHC), NAIP and Survivin
(TIAP in the mouse) (reviewed in references13,15). DIAP1,
DIAP2 and Deterin have been shown to act as cell death
inhibitors in Drosophila.16,17 In addition, two different
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lepidopteran IAPs, SfIAP and Tn-IAP1, also inhibit cell
death.18,19 The most convincing data arguing that IAPs
normally function as cell death inhibitors comes from
observations showing that the Drosophila IAP DIAP1 is
required for the survival of many cell types in the fly.16,20 ± 22

Interestingly, however, not all BIRPs function as cell death
inhibitors. Some viral IAPs do not block death and their
function is unknown (reviewed in reference23). BIRPS that
do not (or are unlikely to) inhibit apoptosis have also been
identified in C. elegans and yeast (reviewed in reference12).
The C. elegans protein Bir-1 is required for cytokinesis.24

The Saccharomyces cerevisiae protein BIR1 is required for
meiosis and mitosis, and the Schizosaccharomyces pombe
gene Bir1p is required for chromosome segregation at the
metaphase/anaphase transition.25 ± 28 These proteins, as
well as the mammalian cell death inhibiting BIRP Survivin,
which also appears to play a role in cell cycle regula-
tion,29,30 have BIRs that form a distinct structural

subgroup.12 Thus, while all members of the IAP family of
cell death inhibitors contain one or more BIR repeats by
definition, not all proteins with BIR repeats are IAPs.

The Drosophila IAPs

The Drosophila IAPs were among the first cellular IAPs
isolated. Drosophila IAP1 (DIAP1), the product of the thread
(th) locus, was identified from a genetic screen for cell death
suppressors.16 Since this screen forms the basis for many of
the assays used to characterize IAP function in the fly we
describe the screen in some detail.

Many but not all apoptotic cell deaths in the fly require
the functions of one or more of three genes, reaper (rpr),31

head involution defective (hid),32 and grim,33 located in the
75C region of the genome. These genes are transcription-
ally or post-transcriptionally activated in many cells that die.
The death they induce is inhibitable by p35 or tetrapeptide
caspase inhibitors, and is thus caspase-dependent.16,32 ± 35

In addition, overexpression of any one of these genes is
sufficient to induce caspase-dependent death in many cells
that normally live (reviewed in references36,37).

The Drosophila eye has proved to be a good system in
which to screen for genes important in a number of cellular
processes.38 It is particularly well suited for the study of cell
death because the eye is nonessential for viability or
fertility. Thus increased eye cell death can be scored as
viable flies that have small eyes. Finally, proteins can be
expressed specifically in the eye using the P element
transposon vector GMR.39 Expression of rpr, hid or grim in
the eye using the GMR vector (e.g. GMR-rpr flies) leads to
increased retinal cell death, which manifests itself as flies
with small eyes (Figure 2). These flies, in which cell death
signaling has been hyperactivated, constitute a sensitized
genetic background. In this background a twofold reduction
(making the fly heterozygous for a loss-of-function
mutation) in the activity of other genes in the activated
death pathway may result in a change in eye phenotype.
For example, dominant suppressors of the small eye
phenotype may identify genes required to carry out cell
death, while dominant enhancers may identify genes that
normally act to antagonize cell death signaling. Thus, for
screening purposes, one can often think of the eye as a
living 96 well plate in which the level of cell death signaling
is read out as a function of change in eye size.

It is important to note, however, that a dominant modifier
screen such as that described above is limited to identifying
death regulators from among the subset of genes that are
expressed in the eye, and that are rate limiting for the
hyperactivated pathway. To identify death regulators that
normally function in other tissues, in an eye-based screen,
a different approach must be used. One strategy that may
often work involves screening for modifiers that result from
targeted eye-specific gene overepression using a transpo-
son mutagen that carries an eye-specific enhancer.40

We screened a collection of deficiencies that uncovers
about 70% of the genome for dominant enhancers and
suppressors of GMR-rpr- and GMR-hid-dependent cell
death, and identified one region, at 72D, that acted as a
very strong enhancer (Figure 2). Lethal mutations in the

Figure 1 Schematic representation of selected BIR-containing proteins that
inhibit cell death. The domains indicated by boxes are the BIR, RING, UBC,
and CARD. Total protein amino acids lengths are indicated to the right. The
baculoviral sequences are from Cydia pomonella granulovirus (Cp-IAP,
P41436), and Orgyia pseudotsugata nucleopolyhedrovirus (Op-IAP, P41437).
Accession numbers for the Drosophila sequences are: DIAP1, Q24306;
DIAP2, Q24307; Deterin cDNA, A12600030; predicted dBRUCE, CG6303. The
mammalian sequences are human (c-IAP1, Q13490; c-IAP2, Q13489; XIAP,
P98170; NAIP, AAC52047), mouse (mBRUCE, CAA76720), and pig (pIAP,
AAc39171). Accession numbers for the C. elegans sequences are: CeBIR1,
AAD00182; CeBIR2, AAB94330. Accession numbers for the lepidopteran IAPs
are: SfIAP, AAF35285; Tn-IAP, AF195528. Accession numbers for the yeast
BIRPs are SpIAP, CAA20434; ScIAP, AAB39312.1 The length of the
Drosophila BRUCE homolog is not known. The sequence is predicted by
Celera Genomics and can be found at the Berkeley Drosophila Genome
website (http://www.fruitfly.org). Adapted from14
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thread (th) locus, which also maps to this region, showed a
similar phenotype (Figure 2). Cloning of thread showed that
it encoded a protein, DIAP1, with a high degree of similarity
to the viral IAPs, in that it contained two N-terminal BIR
repeats and a C-terminal RING finger.16 A number of
DIAP1 mutants have also been isolated more recently in
dominant modifier screens for enhancers and suppressors
of GMR-rpr-, GMR-hid-, and GMR-grim-dependent cell
death.21,22 We and others also identified a second
Drosophila IAP, referred to here as DIAP2, that has
three N-terminal BIR repeats and a C-terminal RING
finger.16,41 ± 43 The th locus and hid were also identified in
a later eye-based gene overexpression screen for cell
death regulators.40

DIAP1 blocks normally occurring cell death in the fly
eye,16 as well as that induced by GMR-driven expression of
rpr, hid16,21,22,44,45 or grim.22 DIAP2 overexpression also
results in suppression of these deaths,16,44 though results
with respect to grim depend on the expression system

(Vernooy and Hay unpublished, GMR-grim, yes;44, GMR-
GAL4-UAS grim, no). More recent observations have
shown that DIAP1 and DIAP2 can inhibit cell death in
response to a variety of stimuli in lepidopteran cells,46 ± 50

and in mammalian cell culture.51

It was observed early on that fragments of DIAP1 and
DIAP2 consisting of the BIR repeats, but lacking the RING
finger, retained the ability to inhibit a number of different
cell deaths.16 These observations provided the first
evidence that the DIAP1 BIR repeats alone were sufficient
to inhibit cell death. For DIAP1, the BIR repeats without the
RING provided greater protection from several different
death stimuli in the fly eye (X-ray irradiation and GMR-hid)
than did the full-length protein. This, in conjunction with the
observation that expression of the RING domain in isolation
induced retinal cell death, suggested that the RING domain
might negatively regulate in some way DIAP1's BIR-
dependent death inhibition function. More recent observa-
tions in lepidopteran cells confirm that the BIR repeats
alone are better death protectors than the full length protein
with respect to hid,49,50 and that expression of the RING
alone promotes cell death.46 However, in other contexts the
DIAP1 BIR repeats protect less well than the full length
protein.46,47 Together, these results suggest that DIAP1
and DIAP2 inhibit cell death through multiple mechanisms.
These are discussed in more detail below.

Overexpression of DIAP1 or DIAP2 is sufficient to block
cell death in the fly, but do these proteins normally perform
this function? In the case of DIAP1 the answer is very
clearly yes. DIAP1 is expressed at high levels throughout
embryogenesis16 and in a number of other tissues,
including the eye22 and ovary.52 Expression in many other
tissues has simply not been examined. Decreasing the
dose of DIAP1 by twofold in the eye increases rpr-, hid-,
and grim-dependent cell death, indicating that the
endogenous levels of DIAP1 are sufficient to act as a
brake on induced death. Most striking, however, are
observations of cells homozygous for DIAP1 loss-of-
function mutations. Early observations that clones of
DIAP1 mutant cells could not be obtained suggested that
DIAP1 was required for the survival of cells in the eye and
ovary.16 More recent observations showed that zygotic
DIAP1 expression is in fact required for the survival of
probably all cells in the embryo.20 ± 22 Together, these
observations suggest that, at least during development,
DIAP1 function, or perhaps that of DIAP2 in certain
cases,53 is required for the survival of all cells. In
lepidopteran cells, overexpressed DIAP1 and DIAP2 are
localized in a punctate cytoplasmic pattern.48,49 What these
sites are, and their physiological significance, is unknown.

The normal functions of DIAP2 are more enigmatic.
DIAP2 blocks cell death due to overexpression of rpr, hid or
grim very efficiently when overexpressed in the eye or in
lepidopteran cells, yet deficiencies that remove this locus
have no effect on GMR-rpr- or GMR-hid-dependent retinal
cell death.16 This suggests that DIAP2 is either not
expressed in the fly eye (and thus twofold reductions in
its genetic dose have no consequence) or that its activity is
not rate limiting, perhaps due to a large excess of DIAP1.
Alternatively, endogenous DIAP2 may have other preferred

Figure 2 Fly eye phenotypes associated with expression of rpr in the fly eye
in wild-type and DIAP1 loss of function mutant backgrounds. The genotypes
shown are wildtype (A); GMR-rpr/+ (B); GMR-rpr/+, Df Brm11/+ (C); GMR-rpr/
+, th5/+ (D). Wild-type flies have large eyes in which the unit eyes, the
ommatidia, are highly ordered (A). The eyes of flies that overexpress rpr are
small, and the organization of the ommatidia is disrupted (B). Reducing the
levels of endogenous DIAP1 in flies that carry the GMR-rpr transgene using a
deficiency that removes the th locus, Df Brm11, results in a strong
enhancement of the GMR-rpr small eye phenotype (C). Introduction into the
GMR-rpr background of the th5 mutation, which truncates DIAP1 within the
second BIR domain, results in a similar small eye enhancer phenotype.
Adapted from16
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targets. The most notable feature of DIAP2 expression
described thus far is that it is transcriptionally regulated as
part of a coordinated, ecdysone-dependent response that
leads to cell death of the larval salivary gland.53 DIAP1 and
DIAP2 transcription are also regulated during ovarian
development and the death of the germline nurse cells.52

Two other proteins with BIR repeats have recently been
identified in Drosophila. Deterin is a small protein with a
single N-terminal BIR repeat and a C-terminal region that
may form a coiled coil.17 It is most similar in overall
structure, and within the BIR repeat, to mammalian
Survivin. Deterin has been shown to block rpr-dependent
cell death, as well as death due to the act of cell
transfection in a Drosophila cell culture system. The
contexts in which Deterin functions in the fly remain to be
determined. dBRUCE14 is a predicted protein homolog of
mammalian BRUCE.54 BRUCE and dBRUCE are intriguing,
if somewhat daunting proteins. They are most notable for
their size (predicted to be greater than 500 kD), and the
fact that they each have an N-terminal BIR repeat and a C-
terminal domain that is predicted to have E2 ubiquitin
conjugation activity. In the case of BRUCE this activity has
been demonstrated.54 The dBRUCE BIR repeat is
noteworthy because it is much more similar to the BIR
repeat of its mammalian counterpart than the BIR repeats
of other evolutionarily distant IAPs are to each other. As of
yet there is no evidence linking BRUCE or dBRUCE
function to cell death regulation.

IAPs as caspase inhibitors

Mammalian IAPs Most if not all cells express caspases
suf®cient to carry out apoptosis. Since proteolytic activation is
irreversible, and caspases have the ability to engage in
amplifying cascades of proteolysis, their activation and
activity must presumably be tightly inhibited in cells that
normally live. IAPs have been shown to interact with a number
of different proteins (reviewed in references13,15). A
mechanism by which a number of these might function to
inhibit cell death was originally suggested by the observations
that several mammalian IAPs inhibit caspase activation or
activity. XIAP, c-IAP1 and c-IAP2 bind and inhibit the
activation of the apical caspase caspase-9. In addition they
also inhibit active forms of caspases 3 and 7, including an
intermediate form in which the large subunit still contains the
prodomain and a C-terminal linker that forms the junction
between large and small subunits.55 ± 58 XIAP, c-IAP1, and c-
IAP2 appear not to interact with caspases-1, -6, -8 or -10.
NAIP inhibits cell death in some contexts,42,59,60 but it has not
been shown to interact with any caspases. It is possible the
NAIP caspase partner has not been identi®ed or tested. It has
recently been suggested that NAIP mediates at least some of
its death protective effects through interactions with
Hippocalcin, a calcium-binding protein that it binds through
the third NAIP BIR.61 Several mammalian IAPs, including c-
IAP1, c-IAP2 and pIAP have CARD domains (Figure 1). The
signi®cance of these for caspase inhibition is unclear since
XIAP, which inhibits multiple caspases, lacks a CARD.
Perhaps the IAP CARD mediates interactions with other

apoptotic regulators that have CARD domains (reviewed in
reference62).

Survivin inhibits caspase-dependent cell death in a
number of contexts (reviewed in references13,15,63), and
has been immunoprecipitated from cells or reticulocyte
lysates in association with active caspase-3 and -7.64,65

More recently, others have failed to observe interactions
between recombinant Survivin and caspase-3, or any ability
of Survivin to inhibit caspase-3.66 However, these latter
observations leave open the possibility that Survivin in vivo
is modified in ways that promote its function as a caspase
inhibitor (c.f. reference67). Other models of Survivin function
are presented in the discussion of Deterin function (below).

Drosophila IAPs Drosophila encodes 7 functional caspases
and there is ample evidence that cell death in Drosophila is
caspase-dependent (reviewed in reference14, Kumar et al,
this issue). Of the four Drosophila BIRPs, only DIAP1 has
been shown to inhibit caspase activity. DIAP1 inhibits the
death of yeast that express full length DCP-1,68 a
constitutively activated form of drICE in which the large and
small subunits are rearranged into an active conformation,20

or full length DRONC.69 Since yeast lack a described
apoptotic pathway, it seems likely that DIAP1's ability to
inhibit caspase-dependent yeast cell death is due to its
function as a caspase inhibitor. Supporting this argument,
recombinant DIAP1 has also been shown to inhibit the
caspase activity of recombinant DCP-1,68 as well as the
activity of three other Drosophila caspases, DECAY, DREAM
and DAYDREAM (SJ Yoo, unpublished) in in vitro assays. In
addition, DIAP1 has been shown to bind to certain forms of
drICE in cell extracts,47 and to interact with the DRONC
prodomain, as well as processed forms of DRONC.70

Together, these results suggest that DIAP1 may be able to
inhibit the activation or activity of all Drosophila caspases.
However, as discussed below in the section on IAPs as
ubiquitin-protein ligases, it is important to keep in mind that in
vivo IAPs may inhibit caspase activity through multiple
mechanisms. Interactions between DIAP2 and Drosophila
caspases, including DCP-1, drICE and DRONC, have not
been detected (CJ Hawkins, unpublished).

The best evidence supporting the idea that DIAP1 has a
prosurvival function in vivo as a caspase inhibitor comes
from the observation that DIAP1 mutant embryos, in which
all cells die, have greatly increased levels of caspase
activity that is DIAP1 inhibitable.20 In addition, DIAP1 has
also been shown to block DRONC-dependent cell death in
the fly eye,69,70 and drICE-, Sf-caspase-1- and mammalian
caspase-3-dependent lepidopteran cell death.47

What are DIAP1's caspase targets in vivo? In addres-
sing this question it is useful to include observations made
in lepidopteran cells as well. The Drosophila caspase field
is still at a very early stage, and possible pathways of
caspase activation are only just being identified (reviewed
in Kumar et al, this volume). In one major pathway of
caspase activation in mammals, cellular stress of various
sorts leads to the release of mitochondrial cytochrome-c,
which binds the cytosolic adaptor protein Apaf-1. Cyto-
chrome-c-bound Apaf-1 binds to and activates caspase-9.
CARD domains present in Apaf-1 and caspase-9 mediate
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interactions between the two proteins (reviewed in
reference71). DRONC is likely to be the Drosophila
caspase-9 ortholog because it is the only Drosophila
caspase with a CARD domain,72 and it binds the
Drosophila Apaf-1.73 The fact that dominant negative
forms of DRONC inhibit rpr-, hid-, and grim-dependent
cell deaths in the fly argues, though not definitively, that
DRONC is an important apical cell death caspase acting
downstream of these genes.69,70 DRONC has several
unusual features. Unlike other caspases, it cleaves after
glutamate as well as aspartate.69 In addition, it is p35-
insensitive.69,70 Cell death induced in lepidopteran cells by
viral infection or actinomycin D also involves a p35-
insensitive proteolytic event.74 ± 76 The caspase that
mediates this cleavage is unknown. Active versions of
DRONC and the DRONC-like lepidopteran caspase
presumably process and activate effector caspases with
short prodomains. Based on patterns of caspase cleavage
observed in vitro,69,70 and in lepidopteran cells,75,76 drICE
and Sf-caspase-1 are good candidates, respectively. Other
insect short prodomain caspases have not been tested.

An important site of DIAP1 prosurvival function is likely
to be inhibition of the p35-insensitive apical caspase.
DIAP1 inhibits GMR-DRONC-dependent retinal cell
death.69,70 Since DIAP1 binds the DRONC prodomain
and inhibits DRONC-dependent killing of yeast, it seems
likely that DIAP1's effects on DRONC activity in vivo are
direct. These observations, together with those showing
that dominant negative DRONC blocks cell death in flies,
suggest that inhibition of DRONC activation and/or activity
is likely to be an important DIAP1 prosurvival function. The
steps at which DIAP1 acts to inhibit DRONC function are
unknown. The baculovirus IAPs Op-IAP and Cp-IAP also
act on a p35-insensitive apical caspase, perhaps a
DRONC-like caspase-9 homolog. Thus, Op-IAP and Cp-
IAP block the activating cleavage of Sf-caspase-1 between
the large and small subunits in lepidopteran cells, while p35
fails to do so.75,76 In addition, the lepidopteran IAP, SfIAP,
has been shown to inhibit the activation of caspase-9 in
mammalian cells, but shows no activity towards the effector
caspases caspase-3 and caspase-7.18 While SfIAP's
activity with respect to inhibition of Sf-caspase-1 activation
has not been tested, these results suggest that it (and
presumably also the closely related lepidopteran IAP Tn-
IAP1) inhibits the lepidopteran caspase-9 homolog.

DIAP1 may also inhibit the activity of Drosophila
caspases activated by DRONC, or by other long
prodomain caspases such as DCP-2/DREDD or DREAM.
This point is suggested in Drosophila by the fact that DIAP1
inhibits the activity of many Drosophila caspases in vitro. It
is also suggested by the fact that in lepidopteran cells
DIAP1 binds to an active (large-small subunit cleaved)
version of drICE generated when the full-length drICE
coding region is introduced into cells experiencing a death
signal. Interestingly however, DIAP1 does not bind either
the full length drICE precursor or active drICE resulting
from the introduction into cells of plasmids that express
mature large and small subunits.47 These observations
suggest that in vivo DIAP1 inhibits the activity of a drICE
processing intermediate. Consistent with this hypothesis,

we observed that versions of drICE that lack prodomain
sequences are not inhibited by DIAP1,68 while versions that
contain these sequences are inhibited.20

The fact that DIAP1 is unable to inhibit cell death
induced by prodomainless GMR-DRONC, or the activity of
fully mature drICE, indicates that there are points at which
caspase signaling and effector function can be made
independent of DIAP1 activity. It will be interesting to see
if the cleavage events that generate these DIAP1-
insensitive caspases define points of cell death regulation
in vivo.

Functional interactions between DIAPs, Reaper,
Hid and Grim and caspases

Death-inhibiting IAPs have been shown to bind a number of
different cellular proteins other than caspases (reviewed in
reference13,15). Some of these may identify mechanisms by
which IAPs inhibit apoptosis, or by which IAP activity is
regulated. Others may point towards roles of IAPs in signal
transduction. Here we focus on the Drosophila IAP interacting
proteins, Reaper, Hid and Grim, and the mammalian protein
Smac/Diablo, because the functions of these proteins are
clearly linked to regulation of cell death. Interactions of
Drosophila IAPs with Doom, a Drosophila-derived apoptosis
inducer that binds baculovirus IAPs,77 and with the Thick
Veins receptor,78 are not discussed.

Reaper, Hid and Grim promote caspase-dependent cell
death, and they each contain a short region (about 15
amino acids) of homology at their N-termini. This sequence
is sufficient to allow binding to DIAP1 and DIAP2.48,49

These sequences also mediate Reaper and Grim binding to
c-IAP1 from mammals.79 Domain analysis of Hid and Grim
indicates that the presence of these N-terminal sequences
on proteins is sufficient to induce apoptosis in lepidopteran
cells.49 These observations suggested a model in which
Reaper, Hid and Grim promote apoptosis by inhibiting
DIAP1 function as a caspase inhibitor, thereby unleashing
latent caspase activity (Figure 3).47 Several observations

Figure 3 Several pathways by which DIAP1 may regulate cell death in
Drosophila. DIAP1 inhibits caspase activation and/or activity. Reaper Hid and
Grim promote cell death by binding to DIAP1, inhibiting this activity. Reaper,
Hid and Grim can block DIAP1 function as a caspase inhibitor directly. In vivo
they may also regulate DIAP1 function in other ways, perhaps by regulating a
DIAP1-associated ubiquitin protein ligase activity. In this pathway free DIAP1
inhibits cell death by binding and titrating Reaper, Hid and Grim away from
DIAP1-caspase complexes, and by inhibiting caspase activation or activity.
Reaper, Hid and Grim may also promote caspase activation through DIAP1-
independent pathways. The binding of free DIAP1 to these proteins may inhibit
their ability to act through these other pathways. The hypothetical nature of
this pathway is indicated by the broken line and the question mark. Thus
DIAP1 may act to inhibit Reaper, Hid and Grim activity, as well as the
consequences of their activation
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strongly support this model. First and foremost, in in vitro
assays containing purified DIAP1 and DCP-1, full length
Hid or an N-terminal cell killing Hid fragment are able to
block DIAP1's ability to inhibit caspase activity.20 Reaper
and Grim, Hid and the N-terminal cell killing Hid fragment
also block DIAP1's ability to inhibit caspase-dependent
yeast cell death. Finally, a peptide corresponding to the first
18 residues of Grim prevents the lepidopteran IAP SfIAP
from inhibiting the activation of downstream caspases in a
mammalian cell extract system.18 These observations all
argue that Reaper, Hid and Grim can block DIAP1 and
SfIAP function as caspase inhibitors. But do they perform
this function in vivo? Reaper, Hid and Grim can induce the
death of cells that normally live. If inhibition of DIAP1
constitutes a primary mechanism by which these genes act,
then loss of DIAP1 in cells that normally live should lead to
a similar phenotype: cell death associated with increased
caspase activity. As discussed above, at least in the
embryo this is in fact the case.20 Finally, this model predicts
that versions of DIAP1 that do not bind Reaper, Hid or Grim
should be relatively insensitive to the death-promoting
activity of these proteins. Such mutants should be
identified in eye-based dominant modifier screen as death
suppressors. Several such mutants have in fact been
identified.21 While it is possible that these mutant proteins
are simply better caspase inhibitors than the wildtype
DIAP1, these results are consistent with the idea that the
mutant DIAP1 proteins are more potent suppressors of rpr
and grim-dependent cell death because they interact with
these proteins less well.

Apoptotic cell death is an evolutionarily old process.
Thus it is expected that molecules and mechanisms of cell
death regulation found in one group of organisms may be
present in others as well. Recent observation suggest that
this is true as well for regulation of productive IAP-caspase
interactions. Thus, several groups recently identified a
protein known as Smac,80 or DIABLO,81 that binds a
number of different mammalian and baculoviral IAPs.
Smac/Diablo is initially localized to mitochondria. Following
an apoptotic stimulus it is released into the cytoplasm along
with cytochrome c, where it binds IAPs. In addition,
overexpression of Smac/Diablo sensitizes cells to different
apoptotic stimuli. These observations argue strongly that
Smac/Diablo, like Reaper, Hid and Grim, suppresses IAP
function. How Smac/Diablo achieves this is unclear, but the
observation that Smac/DIABLO, like Reaper, Hid and Grim,
inhibits the ability of IAPs to block caspase-dependent
yeast cell death, suggests their mechanism(s) of action
may be similar.81 (See Note added in proof.) The
identification of Smac/Diablo leaves open the possibility
that there are additional mammalian proteins that inhibit
IAP function. There are several reasons to consider this.
First, Smac/Diablo has a restricted tissue distribution.
Second, Smac/Diablo is localized to mitochondria. From
this site it is expected to promote apoptosis as a part of the
caspase-9 activation cascade, inhibiting IAP functions that
would antagonize cytochrome-c and Apaf-1-dependent
caspase-9 activation. However, it seems very reasonable
to imagine that there will exist other, perhaps cytoplasmic
proteins that perform a similar function in the context of

other signal transduction pathways that regulate cell death.
Hid orthologs are a particularly attractive possibility since
Hid is regulated both transcriptionally82 and post-transcrip-
tionally45 by the Ras/Map kinase pathway, which plays
many roles in regulating decisions of cell fate and survival.

The above observations suggest that overexpression of
DIAP1 inhibits cell death through several mechanisms: by
acting as a sink for Reaper, Hid and Grim, titrating them
away from interactions with DIAP1 bound to caspase, and
by directly inhibiting caspase activation or activity. DIAP1
binding to Reaper, Hid and Grim may also serve to inhibit
other proapoptotic functions of these proteins (Figure 3).
Peptides corresponding to the N-termini of Reaper and
Grim have been shown to inhibit the activation of potassium
channels.83 This might promote depolarization-dependent
cell death. Binding of Reaper, Hid or Grim to cytoplasmic
DIAP1 via their N-terminal sequences might be expected to
prevent functional interactions of these same sequences
with membrane channel proteins. Reaper, Hid and Grim
also interact in a Xenopus extract system with the Scythe
protein.84 These interactions do not require the conserved
Reaper, Hid, Grim N-terminal sequences. In the case of at
least Reaper, binding to Scythe is associated with release
of a cytoplasmic factor that promotes the release of
cytochrome c from mitochondria. Drosophila has a Scythe
homolog,14 suggesting that one or more of Reaper, Hid or
Grim may promote apoptosis through a Scythe-dependent
pathway. At this point it is unclear if binding of Reaper, Hid
or Grim to DIAP1 prevents productive interactions with
Scythe. However, as discussed below, the observation that
RING finger-containing IAPs can have ubiquitin ligase
activity towards bound substrates suggests another
mechanism by which DIAP1 or DIAP2 might inhibit
Reaper-, Hid- or Grim-dependent cell death: by promoting
their ubiquitination and degradation.

IAPs as ubiquitin-protein ligases

Many proteins are modified by the covalent attachment of one
or more copies of ubiquitin, a 76-amino acid protein. In many
cases ubiquitination leads to subsequent degradation of the
modified protein by the 26S proteosome (reviewed in
reference85). Attachment of ubiquitin to a substrate typically
involves the action of three enzymes, a ubiquitin activating
enzyme (E1), a ubiquitin carrier protein (E2), and a ubiquitin-
protein ligase (E3). Free ubiquitin is bound to E1 by a thioester
bond. This activated ubiquitin is then transferred to E2 through
a second thioester bond formed between ubiquitin and E2. In
a third step, E2, in conjunction with substrate bound E3,
transfers ubiquitin to target proteins. There is one E1, but
there are many E2s, E3s or E3 multiprotein complexes.
Recently it has been recognized that RING fingers of a
number of different proteins have E3 ubiquitin-protein ligase
activity (reviewed in references11,86). Several IAPs, c-IAP1
and XIAP, are among these. Thus, in the presence of E1 and
E2, c-IAP1 and XIAP are able in vitro to catalyze auto-
ubiquitination. In addition, deletion or mutation of the RING
suppresses IAP ubiquitination and degradation in vivo.
Intriguingly, full length, but not RING mutated versions of
these IAPs disappear in thymocytes induced to die,
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suggesting that stimulation of IAP auto-ubiquitination defines
a mechanism for promoting cell death.87 The nature of the
signals that promote IAP auto-ubiquitination in thymocytes are
unknown. c-IAP1 has also recently been shown to mono-
ubiquitinate caspase-3 and caspase-7 in vitro.88 The
physiological significance of this reaction is unclear, but it
does suggest the possibility that RING-containing IAPs may
ubiquitinate and promote the degradation of bound proapop-
totic substrates. This would provide a mechanism whereby
IAPs could inhibit the activity of apoptosis inducers
catalytically, rather than stoichometrically.

At this point it is not known if DIAP1 has E3 activity. But
it seems likely that it does. There are several nonexclusive
models for how RING-dependent ubiquitin ligase activity
might regulate DIAP1 function. One possibility is that RING-
dependent DIAP1 auto-ubiquitination, as with c-IAP1 and
XIAP, promotes DIAP1 degradation. Stimuli that promote
this activity would then have the effect of decreasing IAP
levels, thus sensitizing cells to lower levels of inducers or
caspase activity. What might define an auto-ubiquitination-
promoting stimulus? Perhaps Reaper, Hid or Grim binding
to DIAP1. DIAP1 E3 activity might also promote the
degradation of bound apoptosis inducers such as Reaper,
Hid, Grim or caspases. In this model IAP ubiquitin ligase
activity would promote DIAP1's prosurvival function. In the
context of this hypothesis it is interesting to note that in
lepidopteran cells expression of Op-IAP or Cp-IAP is
associated with the formation of a ladder of higher
molecular weight forms of Reaper and Hid.48,49 Finally, in
a substrate choice model DIAP1 may have both activities.
DIAP1 might, for example auto-ubiquitinate itself when it is
free, but preferentially ubiquitinate other substrates when
they are DIAP1-bound. In this way DIAP1 levels would be
regulated according to the cell's current levels of
proapoptotic DIAP1-interacting proteins. Stimuli that alter
the ratio of cis to trans ubiquitination would promote or
suppress apoptosis, respectively. These models are all
speculative, but they are also eminently testable.

Deterin cell death while Survivin the cell cycle

The small, single BIR mammalian IAP Survivin has excited
much interest recently because its transcription is upregulated
in many human cancers.89 In normal cells Survivin expression
is upregulated in G2/M, and it is essentially absent in
postmitotic cells. Survivin inhibits cell death in culture in
response to a number of different stimuli, including expression
of caspases. In addition, antisense Survivin promotes
caspase activity and cell death (reviewed in reference13).
Finally, as noted above, Survivin has been found by some, but
not others, to bind directly to caspases. Thus, Survivin is a
tumor marker, and potentially a good therapeutic cancer
target since it is not appreciably expressed in normal post
mitotic cells. However, there is also good evidence that
Survivin may not function only as a cell death inhibitor
(reviewed in reference63). The Survivin BIR repeat is most
closely related to those found in BIRPs of C. elegans, S.
cerevisiae and S. pombe. Genetic analysis indicates that
these proteins promote cytokinesis and chromosome
segregation . The C. elgans protein BIR1 does not inhibit

cell death,24 and it seems unlikely that the yeast proteins do
either. Survivin can partly rescue the C. elegans cytokinesis
defect in bir1 mutants, suggesting some conservation in
function. Survivin also localizes to the mitotic spindle in
anaphase,30 as does the S. cerevisiae protein Bir1p.25 Finally,
loss of Survivin function leads to a number of cell division
defects, including hyperploidy, multinucleation, and extra
centrosomes, all consistent with defects in cytokinesis.30

A domain analysis of Survivin indicates that it localizes
to spindle microtubules via interactions with its C-terminal
coiled-coil domain. The importance of this localization is
suggested by the fact that deletion of the coiled-coil domain
leads to a loss of antiapoptotic function in at least some
contexts. Mutation of the BIR domain also leads to a loss of
antiapoptotic function, and creates a molecule that has
dominant negative activity, in that its expression promotes
cell death and displaces wild-type Survivin away from
spindles.29

How is Survivin regulating cell death? One possibility is
that caspase activity occurs as a normal part of the cell
cycle, and that Survivin functions to regulate this activity.
This caspase activity might be required for some aspect of
cell division. Other observations suggest that Survivin might
regulate caspase activity indirectly. Survivin has been
described as translocating to the nucleus in response to
some death signals, there binding the cyclin-dependent
kinase 4 (CDK4).90 CDK4 itself can bind the CDK inhibitor,
p21. p21 has been shown to have antiapoptotic activity in a
number of systems (reviewed in reference91). While at least
some of this activity may derive from p21's ability to inhibit
proapoptotic activities associated with inappropriate CDK
activation, p21 has also been described as an inhibitor of
the activation of mitochondrially localized procaspase-3.92

Based on these observations it has been argued that
Survivin might promote survival by promoting the release of
p21 from CDK4. Survivin may also play a checkpoint role in
monitoring the status of spindle assembly. In this model,
defective spindle assembly would lead to delocalization of
Survivin from microtubules, and thus loss of its ability to
inhibit caspase activity. The fact that a fraction of caspase-
3 is localized to centrosomes (where Survivin is also
present) in a Survivin-dependent manner supports this
possibility.30 Alternatively, or in addition, Survivin may be
an essential part of the machinery that carries out cell
division. In this model, loss of Survivin function leads to cell
cycle defects that indirectly promote caspase activation.

There are a number of important unanswered questions.
Survivin is clearly able to inhibit cell death. Thus far this
activity has only been shown in cycling cells in culture. Does
it have activity in noncycling cells, or is it active in only one
part of the cell cycle? What are the proteins Survivin
interacts with that mediate its localization to spindles and
centrosomes? Is caspase activation necessary for cell cycle
progression? What is the source of the caspase activity
found in cells with decreased Survivin function? Is it the
result of loss of Survivin the caspase inhibitor or a
secondary consequence of Survivin-dependent cell cycle
defects? Drosophila provides a convenient system in which
to address these questions. But is Drosophila Deterin a
Survivin homolog? Several observations suggest that it may
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be. In early and mid embryogenesis Deterin mRNA
expression shows no correlation with cell proliferation.
However, somewhat later Deterin becomes upregulated in
the developing gonad, a proliferative tissue. Survivin
expression in other proliferative tissues, in particular the
imaginal discs, has not been examined. The subcellular
localization of the Deterin protein has also not been
examined. However, Deterin clearly functions as a cell
death inhibitor, at least in cells in culture. In addition, a
domain analysis of Deterin suggests that, like Survivin, both
the N-terminal BIR domain and the C-terminal domain are
required for optimal function, and that mutation or removal of
the BIR leads to the creation of a protein with dominant
negative activity. Thus far, all manipulations of Survivin and
Deterin function have been carried out in cell culture.
However, ultimately it is important to examine the function
of these proteins in cells functioning as a part of a tissue.
Overexpression of the wild-type Deterin protein and the
dominant negative version, as well as the use of RNAi
knockout technology, should lead very quickly to an
understanding of the consequences of manipulating Deterin
levels in the fly. A characterization of these phenotypes in
the presence and absence of caspase inhibitors should be
very illuminating in uncovering roles Deterin plays as a cell
cycle regulator and as a cell death inhibitor.

Structure-function analysis of the mammalian IAPs

The sequence requirements for caspase inhibition have been
explored in mammals for XIAP and c-IAP1. Full length XIAP
and c-IAP1 and c-IAP2 inhibit caspase-3 and caspase-7, and
the activation of caspase-9.55 ± 57 A fragment consisting of

BIR2 and about 30 residues N- and C-terminal (R124-P260) is
sufficient for this activity.93 Inhibition of caspase-9 activation
by XIAP requires both BIR3 as well as the RING finger (A243-
end).58 Since the caspase activity assays used do not support
RING-dependent ubiquitination, the RING must play a binding
or structural role in this context. A short sequence N-terminal
to BIR2 (E134-Y154) plays a critical role in XIAP-dependent
caspase inhibition.94 This N-terminal extension contains a
potential caspase target site (DISD), the P4 aspartate of
which is required for BIR2-dependent caspase inhibition
(Figure 4). Several lines of evidence suggest a model in
which this fragment binds caspase-3 in the active site
(presumably via the DISD residues), perhaps in conjunction
with a lower affinity caspase binding interaction mediated by
the BIR domain. However, this simple interpretation is
complicated by the fact that mutation of the putative P1
aspartate in the DISD sequence to alanine (DISA) causes
only a threefold decrease in activity as a caspase inhibitor. In
addition, the P1 aspartate is not conserved in other IAPs,
leaving the generality of the proposed mechanism unclear. A
number of other IAPs, including DIAP1, Op-IAP, Cp-IAP and
DIAP2, have a conserved aspartate just N-terminal to the BIR
(DIAP1 D40). However, the significance of this aspartate or
others nearby in the linker region has not been tested. An
NMR structural analysis of a fragment of c-IAP1 consisting of
BIR3 and a C-terminal linker has suggested that a conserved
aspartate (D302) positioned within a BIR surface loop might
also mediate interactions with caspases.95

Insect and viral IAPs It has been clear for some time that
while insect and baculoviral IAP have prosurvival functions as
caspase inhibitors, they also have important functional

Figure 4 Multiple alignments of the BIR and RING domains of selected IAPs. (A) BIR domains and surrounding sequences for a select group of BIR-containing
proteins. The alignments are grouped so as to maximize the alignment among members of each group. The N-terminal BIRs of the three BIR IAPs are aligned
together. The N-terminal BIRs of the two BIR IAPs are aligned with the second BIR of the three BIR IAPs. The C-terminal BIRs of the two and three BIR IAPs are
aligned together. Deterin and Survivin are aligned together, as are mBRUCE and dBRUCE. Note that the C-terminal BIRs show several regions of similarity within,
as well as N- and C-terminal to the BIR domain. The BIR domains of Survivin and Deterin, and mBRUCE and dBRUCE, have several sequence insertions within the
BIR. The BRUCE BIRs are much more homologous to each other than to other equally evolutionarily distant BIRs. Alignments were carried out using ClustalW.
Residues were boxed in black for the top three groups if two out of three or four out of six residues were identical, respectively. (B) Multiple alignments of RING
domains for the BIR-containing proteins shown in (A). Alignments were carried out as above
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interactions with other apoptosis inducers, including Reaper,
Hid and Grim. Mutagenesis experiments support the
proposition that Drosophila and viral IAPs promote cell
survival through multiple mechanisms. These mechanisms
include caspase inhibition, but also probably involve other
protein-protein interactions that may lead to either protein
sequestration, modi®cation or degradation. A version of
DIAP1 that lacks the RING ®nger (start-G381) is suf®cient to
inhibit cell death in response to multiple stimuli in the ¯y eye.16

This fragment is also able to inhibit caspase-dependent yeast
cell death, though less well than the wild-type protein (CJ
Hawkins, unpublished). These observations argue that the
RING ®nger is not required for DIAP1 to inhibit caspase
activation or activity, but leave open the question of whether
the RING promotes DIAP1's function as a caspase inhibitor
and/or promotes other caspase modi®cations, or caspase
degradation. The DIAP1 BIR probably has little if any function
in isolation since a DIAP1 mutation, th5, that terminates within
BIR2 (W273-stop), acts as a strong loss of function mutation
in the embryo, in the eye-based dominant modi®er assay, and
when overexpressed.20 ± 22 The DIAP1 BIR2 and surrounding
N- and C-terminal linker sequences (T177-S341) are
suf®cient to bind the DRONC prodomain.70 Further N-
terminal deletions of DIAP1 suggest that T177-P204 are
also not required for this interaction. It is not known, however,
if the T177-S341 fragment is suf®cient to inhibit DRONC
activation or the activity of other Drosophila caspases.
Evidence that DIAP1 BIR2 and surrounding sequences may
be suf®cient to inhibit caspase activation/activity comes from
the observation that a protein consisting of the DIAP1 BIR2
and ¯anking sequences (P97-S342) is able to inhibit drICE-
dependent cell death in lepidopteran cells.47 However, the
caspase targets have not been identi®ed. Interestingly, this
same region of DIAP1 (P97-S342) is suf®cient to bind Hid in
lepidopteran cells, and to inhibit Hid-dependent cell death.49

However, interactions between Hid and DIAP1 are likely to be
more complex in the context of full length DIAP1because
mutations in the DIAP1 BIR1 (G88S) also lead to a decrease
in Hid binding.21 The Op-IAP region equivalent to the region
surrounding DIAP1 BIR2 (R95-D199) also binds Hid and
blocks Hid-dependent cell death. A series of point mutations
and deletions throughout this region has identi®ed one short
sequence (Q174-A190) that is required for Hid binding.49 A
number of residues within this sequence are found following
other C-terminal BIR repeats in IAPs that inhibit apoptosis,
including c-IAP1 (Figure 4). The structure of the c-IAP1 BIR3
contains this C-terminal extension and shows that a number
of residues within this region that are conserved among C-
terminal BIRs interact with the c-IAP1 BIR core.95 It will be
interesting to characterize the consequences of altering the
equivalent residues in DIAP1 for their effects on Hid binding. It
will also be interesting to see if mutation of these residues in
XIAP, c-IAP1 or c-IAP2 alters their ability to bind Smac/
DIABLO, and to inhibit cell death. Mutations of conserved
residues within Op-IAP BIR2 itself (R114A, C148A, H168A)
result in a protein that does not block Hid-dependent cell
death, but does still bind Hid, suggesting that simple binding
of Hid is insuf®cient to block its proapoptotic function.
However, it may be relevant in this context that Op-IAP
oligomerizes, and that intact BIR repeats are required for this

interaction.96 It will be interesting to see if there is a
relationship between BIR2 mutations that fail to block Hid-
dependent killing, but not binding and those that are required
for dimer izat ion. Surviv in dimerizes.66 ,6 7 ,97 The
multimerization state of other IAPs has not been reported.

A number of reports demonstrate that full length
Drosophila or baculoviral IAPs are required to effectively
block cell deaths due to baculovirus infection, treatment
with actinomycin-D, UV irradiation, expression of Doom, or
very high levels of Hid.10,46,50,96 In some contexts,
expression of versions of baculoviral IAPs that lack the
RING finger actually promotes cell death.46,96 However for
other stimuli, including X-ray irradiation or Hid overexpres-
sion in the fly eye, or modest levels of Hid expression in
lepidopteran cells, versions lacking the C-terminal RING
finger have comparable activity to the full length protein,
and in some cases show greater efficacy.16,50 These
observations emphasize the idea that DIAP1 and baculo-
virus IAPs inhibit cell death using multiple mechanisms.
The RING domain is required for cell death inhibition
through some pathways, while for others it appears to play
no role or to negatively regulate IAP function. Analysis of
the phenotypes associated with a number of DIAP1
mutants isolated from dominant modifier screens for
enhancers and suppressors of GMR-rpr, GMR-hid, and
GMR-grim-dependent cell death points towards a similar
conclusion.21,22 In particular, this analysis identifies clear
differences in the requirements for DIAP1 to inhibit Reaper
and Grim-dependent death versus that due to overexpres-
sion of Hid. For example, mutation of conserved cysteine
residues in the DIAP1 RING (th6B, C412Y and th81.03,
C422Y), which presumably disrupts its structure and
function, results in flies that are suppressed for Hid killing,
but that are enhanced for killing by Reaper and Grim
(Figure 4).22 In contrast a second mutation, thSL (V85M),
results in a dramatic suppression of Reaper and Grim-
dependent death, but has no effect on death due to Hid.
One possibility is that this mutation identifies a residue
required for DIAP1 to bind Reaper and Grim, but not Hid.
Other DIAP1 mutants that act as dominant suppressors of
Reaper and Hid-dependent death, and that show
decreased DIAP1 binding (th6-3, G88S and th23-4,
G269S), have in fact been isolated.21 One of these
mutations, G269S, occurs in a glycine residue conserved
among C-terminal BIR repeats of apoptosis-inhibiting IAPs
(Figure 4). However, not all the differences in the ability of
DIAP1 mutants to inhibit Reaper, Hid or Grim-dependent
cell death can be attributed to changes in DIAP1's ability to
bind these proteins. This is illustrated by the th4 mutation
(H283Y). This mutant acts as a loss of function mutation (a
death enhancer) for both Reaper and Hid in the eye-based
dominant modifier assay, and in terms of its homozygous
embryonic phenotype (all cells die). However, it still binds
Reaper and Hid with an affinity comparable to that of the
wild-type DIAP1.21 This suggests that the th4 protein has
lost a death preventing function distinct from an ability to
bind and titrate Reaper and Hid away from DIAP1-caspase
complexes. Interestingly, however, when overexpressed,
the th4 protein blocks Hid-dependent death as well as the
wild-type protein, but shows essentially no ability to block
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Reaper-dependent death. Why might this be? Mutational
analysis of Reaper and Grim argues strongly that these
proteins promote apoptosis through multiple pathways.
Thus, deletion of the Reaper- or Grim N-terminus, which
mediates binding to DIAP1, results in proteins that can still
kill.44,49,98 In contrast, the results of experiments in
lepidopteran cells argue that the N-terminus of Hid is both
necessary and sufficient to mediate Hid's proapoptotic
function.49 This suggests that Hid acts through a more
limited set of pathways. One obvious possibility is that the
th4 protein lacks the ability to inhibit caspase activity
activated downstream of Reaper and Grim functions that
promote caspase activation through DIAP1-independent
pathways. This scenario would also explain why the th4
protein acts as a dominant enhancer of Hid-dependent
death in the eye, and as a loss of function mutant in the
embryo: it is unable to inhibit caspase activation/activity
occurring downstream of high level Hid expression in the
eye, or the activation/activity of caspases present in the
early embryo.

In summary, mutational analysis of DIAP1 and baculo-
virus IAPs demonstrates that these proteins are functionally
complex, and shows that there are distinct sequence
requirements for inhibition of different death signals. As
discussed above, these IAPs may inhibit apoptosis by
sequestering apoptosis inducers and/or blocking caspase
activation/activity. The RING domain may participate as a
structural element in these activities. In addition, it may
mediate ubiquitination of bound substrates. Complicating
the mutational analysis even further, the RING may
regulate (presumably negatively) IAP function through
auto-ubiquitination, which may or may not itself be
regulated by the presence of bound substrates. Genetic
screens provide a powerful approach to identifying
functionally important DIAP1 mutations. However, a
number of different assays, including binding, caspase
activity, ubiquitination, expression level and cellular
localization will be needed to turn these mutants into clear
mechanistic models of IAP function and regulation.

Where do we go from here?

It is clear that IAPs regulate cell death through multiple
mechanisms. Many act as caspase inhibitors. However for
others such as Survivin and NAIP, this has not been shown.
They may regulate death through other mechanisms. The
finding that some RING-containing IAPs have E3 ubiquitin
ligase has opened up a new and exciting area of study. The
potential exists for ubiquitination to both positively and
negatively regulate IAP function. In addition, it is important
to keep in mind that ubiquitination requires the activity of an
E2 ubiquitin carrier protein, of which there are a growing
number. The ubiquitin pathway is also regulated by the activity
of a number of deubiquitinating enzymes. Therefore, it seems
likely that new and exciting regulatory circuits involving IAPs
and ubiquitination will emerge over the next few years. The
study of insect and baculoviral IAPs has led the way in
identifying proteins, Reaper, Hid and Grim, that regulate IAP
function. These proteins can suppress the ability of IAPs to
inhibit caspase activity. However, given the functional

complexity of the insect IAPs (and presumably their
mammalian counterparts), it is very possible that they alter
IAP function in other ways as well. A further characterization
of these interactions is likely to lead to new mechanistic
insights into IAP function and regulation. Finally, since this
article focuses on Drosophila, it is important to point out the
potential of Drosophila genetics to uncover new aspects of
IAP function. The dominant modifier screen that led to the
original identification of DIAP1, and to the isolation of a
number of interesting DIAP1 mutants is a powerful tool
because it is a function-based screen. There is every reason
to believe that further genetic screens for enhancers and
suppressors of Reaper, Hid or Grim-dependent cell death will
uncover new aspects of IAP function.

Note added in proof
Several recent reports99,100 demonstrate that, as with Reaper, Hid and
Grim in Drosophila, Smac/DIABLO promote the activation and activity of
multiple caspases by inhibiting IAP function.
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