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ABSTRACT

IAPs (inhibitors of apoptosis) are a family of proteins
containing one or more characteristic BIR domains. These
proteins have multiple biological activities that include bind-
ing and inhibiting caspases, regulating cell cycle progression,
and modulating receptor-mediated signal transduction. Our
recent studies found the IAP family members XIAP and c-
IAP1 are ubiquitinated and degraded in proteasomes in re-
sponse to apoptotic stimuli in T cells, and their degradation
appears to be important for T cells to commit to death. In
addition to three BIR domains, each of these IAPs also con-
tains a RING finger domain. We found this region confers
ubiquitin protease ligase (E3) activity to IAPs, and is respon-
sible for the auto-ubiquitination and degradation of IAPs af-
ter an apoptotic stimulus. Given the fact that IAPs can bind
a variety of proteins, such as caspases and TRAF's, it will be
of interest to characterize potential substrates of the E3 ac-
tivity of IAPs and the effects of ubiquitination by IAPs on
signal transduction, cell cycle, and apoptosis.

Key words: Apoptosis, ubiquitination, IAP, caspase, TNF
receptor, TGF- B receptor, cell cycle, RING fin-
ger.

* ABBREVATIONS: IAP, inhibitors of apoptosis; BIR, baculovirus IAP repeats; E1, ubiquitin-
activating enzyme; E2, ubiquitin-conjugating enzyme; E3, ubiquitin protein ligase; TNFR, tumor
necrosis factor receptor; TRAF2 tumor necrosis factor receptor associated factor-2; JNK, c-Jun N-

terminal kinase.

Correspondence to Dr. Yili Yang, Laboratory of Immune Cell Biology, Division of Basic Sciences,
National Cancer Institute, National Institutes of Health, Building 10, Room 1B-49, Bethesda, MD
20892, USA. Fax: 301-402-4844; E-mail: yiliyang@box-y.nih.gov




Inhibitors of apoptisis (IAP): A family of specific proteins

INTRODUCTION

The iap (inhibitor of apoptosis) gene was first identified in baculovirus because it
protected infected cells from death and enhanced virus replication[1]. IAPs are now
known to be expressed in organisms ranging from yeast to mammals[2],[3]. All the
IAPs contain one to three BIR (baculovirus IAP repeats) domains, each consisting of
approximately 70 amino acid residues. Many IAPs also have a RING finger domain,
defined by seven cysteines and one histidine (e.g. C,;HC,) that can coordinate two zinc
atoms[4]. Among the mammalian IAPs, c-IAP1, cIAP2, and XIAP have three BIRs in
the N-terminal portion of the molecule and a RING finger at the C-terminus, NAIP
contains three BIRs without RING, and survivin and BRUCE each has just one BIR.

The structure of the third BIR of ¢c-IAP1 has been determined by nuclear magnetic
resonance[5]. The 70-residue region forms four short a-helices linked by a number of
loops. In the core of this BIR there are extensive interactions between the large number
of hydrophobic residues and a zinc atom coordinated by three cysteines and a histidine.
On the surface of the BIR domain, a number of hydrophobic regions and conserved
charged amino acids have been identified, which may participate in interactions of
IAPs with other proteins. Like the c-IAP1 BIR domain, the NMR structure of the sec-
ond BIR of XIAP contains four a-helices, a hydrophobic zinc-containing core, and a
number of conserved charged residues on its surface[6]. The major difference is that
the BIR of XIAP has three anti-parallel b-sheets that are not found in the BIR of c-
IAP1. Whether this is related to the functional differences between different BIRs re-
mains to be determined.

IAPs bind and inhibit caspases

XIAP, c-IAP1, and c-IAP2 can directly bind to activated caspase-3 and -7 and inhibit
their activities[7],[8] Mutational analysis indicated that the BIR domains are respon-
sible for the inhibition[2],[3]. Further experiments with XIAP found the second BIR,
but not the first or the third BIR, is able to bind and inhibit caspase-3 and-7 with an
apparent inhibition constant of 2-5 n M[9]. XIAP, c-IAP1, and c-IAP2 can also inhibit
activated caspase-9, and in addition, they bind pro-caspase 9 and prevent its activation
by apoptotic stimuli[10]. Interestingly, a BIR3-RING fragment, but not a BIR1-BIR2
fragment of XIAP, binds and inhibits caspase-9[11], indicating the BIR domains of
XIAP selectively interact with various caspases. Consistent with these results, lepi-
dopteran IAP (sfIAP) and baculoviral IAP (CpIAP), both of which have two BIRs and a
RING domain, are inhibitors of mammalian caspase-9 but not caspase-3 or -7[12]. The
mechanisms of the specificity of various BIRs for caspases are not well understood at
this time. It has been shown that several residues in the linker region N-terminal to
the BIR2 domain of XIAP are critical for inhibiting caspase-3, even though they do not
affect the structure of the BIR[6]. A chimeric molecule containing this linker region
and XIAP BIR1 is able to inhibit caspase-3, although the linker region or BIR1 alone
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can not inhibit the caspase[6]. Further experiments indicated that the XIAP BIR2 do-
main interacts with both pro-caspase-3 and activated caspase-3, whereas the linker
region only interacts with activated caspase[6]. Since caspase-3 acts on consensus se-
quence DEVD, it has been suggested that the DxxD sequence in this linker region
directly interacts with the active center of caspase-3 and blocks its activity[6]. It will be
of interest to determine whether the inhibition of caspase-9 by XIAP and inhibition of
caspaspe-3, -7, and -9 by c-IAP1 and c-IAP2 also depend on residues around the corre-
sponding BIRs. This might also help to explain why BIR1- BIR2 and BIR3- RING of
XIAP interact specifically with caspase-3 and caspase-9 respectively.

IAPs and signaling of membrane receptors

The RING-containing c-IAP1 and c-IAP2 were first identified as components of the
type II TNF receptor (TNFR ) signaling complex. They were recruited to the TNFR by
interactions between their BIRs and TRAF (TNFR-associated factor)-1 and -2, which
directly bind to the TNFR[13]. In sensitive cells, TNF treatment leads to apoptosis,
which is mediated by activation of caspase-8 mediated by interactions between the death
domains of TNFR and adapter molecules (TRADD and FADD)[14]. Although c-IAP1
and c-IAP2 have been shown to inhibit TNF-induced apoptosis in transient transfec-
tion systems[15],[16], it is not known whether this is due to their caspase-inhibitory
activity, their involvement in TNFR-mediated signaling, or both. Another prominent
activity of TNF signaling is induction of transcription factor NFkB, which suppresses
apoptosis[17]. TRAF1, TRAF2, c-IAP1, and c-IAP2 all are target genes of NFxkB[16], and
expression of all these molecules is required to effectively block TNF-induced cell death
in NF«B deficient cells. It has also been shown that activation of NF«B is required for
its inhibition of TNF-induced cell death by over-expression of c-IAP2[15]. Thus, IAPs
could be induced by NF«B, and may in turn signal through this transcription factor to
inhibit apoptosis. TNF also activates the transcription factor AP-1, which plays an
important role in mediating the effects of TNF on the expression of other genes and
cytokines[14]. TNF induction of AP-1 is largely due to activation of c-Jun N-terminal
kinase (JNK)[18]. Genetic experiments demonstrated that TRAF2 is required for TNFR
to activate JNK[19]. Although it also contains a RING domain, TRAF2 can not cata-
lyze its own ubiquitination (Li et al, unpublished observation). Given its association
with cIAP1 and cIAP2, it is interesting to know whether cIAPs can ubiquitinate TRAF2
and regulate its intracellular level.

Other IAPs are also involved in receptor-mediated signaling processes. For example,
the Drosophila IAPs D-IAP1 and D-IAP2 interact with the receptor for decapentaplegic,
a Drosophila bone morphogenetic protein (BMP)/TGF-3 superfamily member[20]. This
interaction appears to be mediated through the RING domain of D-IAPs, but its func-
tional consequence has not been determined. In a different system, XIAP binds directly
to BMP receptor and its downstream signaling molecule TAB1, an activator of a MAP
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kinase kinase kinase family member named TAK1[21]. The activation of TAB1-TAK1
promotes ventral mesoderm formation in early Xenopus embryos, which is enhanced by
overexpression of wild type XIAP and blocked by expression of an N-terminal truncated
XTAP[21]. Therefore, XIAP may function as an adapter protein for BMP receptor
signaling. Conversely, transfection of XIAP can selectively activate the JNK1 kinase
[22], which is also activated upon stimulation of BMP/TGF-f receptor[23]. It has been
shown that the BIR domain of XIAP is responsible for association with TAB1 and acti-
vation JNK in these two systems[21],[22]. Interestingly, a dominant negative form of
JNK1 has been shown to suppress the anti-apoptotic action of XIAP in caspase-1-in-
duced apoptosis[22], suggesting JNK1 mediates the anti-apoptotic action of XIAP in
this system.

IAPs and cell cycle control

Survivin has only one BIR and is abundantly expressed during fetal development, but
rarely present in adult tissues[24]. It is also expressed in most transformed cell lines,
but not in non-transformed human peripheral T cells, fibroblasts, or endothelial cells.
Overexpression of survivin in an IL-3-dependent pre-B cell line significantly inhibited
cell death induced by withdrawal of IL-3[24]. Further analysis indicated that survivin
can partially block activation of caspases and cell death induced by a variety of stimuli,
such as Bax, Fas engagement, and etoposide[25]. This appears to be due to its ability to
bind to activated caspases[25],[26]. Survivin expression is also closely connected with
cell cycle. Studies using HeLa cells found that the expression of survivin is upregulated
~ 40-fold in G,/M[27]. At the beginning of mitosis, survivin associates specifically with
microtubules of the mitotic spindle. Mutated survivin that can not bind microtubules
lost its anti-apoptotic activity[27]. Furthermore, inhibition of survivin expression by
antisense oligonucleotides or transfection of dominant negative survivin induced
apoptosis and formation of multinucleated polyploid cells[28],[29]. This is presumably
due to failed cytokinesis, the process of separating a cell into two after it has duplicated
its genetic material. It has also been shown that the murine homolog of survivin is
highly expressed in thymocytes and induced in peripheral T cells upon activation[26],
indicating that survivin is also associated with cell cycle progression in untransformed
cells. In addition, C. elegans embryos that lack the survivin homologue bir-1 were
unable to complete cytokinesis and became multinucleated[30]. This cytokinesis defect
could be partially suppressed by transgenic expression of survivin. In the yeast S.
cerevisiae and S. probe there is only a single IAP protein, Birl, which contains two
BIRs[31]. This gene is required for spindle elongation and efficient meiotic division
[31], indicating the cell cycle regulation function of IAP family proteins is evolution-
arily conserved. It is not clear at present whether the cell-cycle regulating activity of
these BIR-containing proteins is related to their anti-apoptotic function.
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IAPs and protein ubiquitination

Protein degradation is essential for many cellular functions, including cell cycle
control, removal of misfolded or damaged proteins, activation of transcription factors,
and generation of antigen peptides for MHC molecules to present to T cells[32],[33].
The multisubunit protease complex, known as the proteasome, is one of the major sites
in eukaryotic cells where these tasks are accomplished[34]. Proteasomes recognize and
degrade proteins that have been covalently modified with polymerized chains of ubiquitin,
an 8 kDa protein that is ubiquitously expressed and evolutionarily conserved. Ubiquitin
is activated to a high-energy thioester at its C-terminal Gly residue by ubiquitin-acti-
vating enzyme (E1). In concert with ubiquitin-conjugating enzyme (E2 or UBC), a
ubiquitin protein ligase (E3) transfers the activated ubiquitin to a Lys residue in the
substrate that has been recognized and bound by the E3. Polyubiquitin chains are
synthesized by adding subsequent activated ubiquitins to the Lys residue of the previ-
ously conjugated ubiquitin[34]. In this enzyme system, a single E1 can carry out the
activation of ubiquitin, required for all subsequent reactions. Over 14 different E2
molecules have been identified, and each E2 enzyme can act with more than one type of
E3. However, there may be many more E3 enzymes in cells because each E3 has to
recognize specific substrates. Thus, identification and characterization of E3s is criti-
cal in understanding the ubiquitination and degradation of specific proteins.

Protein degradation also plays an important role in T cell apoptosis[35]. This is
exemplified by the finding that proteasome inhibitors can effectively block thymocyte
apoptosis induced by various apoptotic stimuli[36]. It is conceivable that this effect of
proteasome inhibition is due to the inhibition of degradation of proteins that prevent
cell death. Studies based on this premise have recently demonstrated that XIAP, c-
IAP1, and c-IAP2 are degraded in a proteasome-dependent manner when thymocytes
are induced to undergo apoptosis by glucocorticoids or etoposide[37]. Furthermore,
these IAPs have E3 activity and are able to catalyze their own ubiquitination in vitro
and in transfected cells. This E3 activity depends on the RING domain, as the change of
a single zinc-chelating residue in this region can eliminate the E3 activity[37]. T cell
hybridomas transfected with a truncated XIAP that lacks the RING domain are more
resistant to glucocorticoid-induced apoptosis than cells transfected with wild type XIAP
[37]. Consistent with these results, it has been shown that remove of the RING domain
of Drosophila IAPs (D-IAP1 and D-IAP2) enhanced their ability to inhibit cell death in
eye caused by expression of cell death-inducing protein Reaper[38]. These results indi-
cate that autoubiquitination of IAPs may play an important role in their own degradation,
allowing cells to commit to apoptosis.

BRUCE (BIR repeat containing ubiquitin-conjugating enzyme) is a giant protein
(530 kDa) associated with the membrane of the Golgi system[39]. The human homolog
of this protein is named Apollon[40]. BRUCE and Apollon have one BIR domain, but it
has not yet known if these molecules can bind caspases or inhibit apoptosis. However,

173




Inhibitors of apoptisis (IAP): A family of specific proteins

cells treated with Apollon antisense oligonucleotides had reduced the expression of the
protein, and were sensitized to undergo apoptosis induced by chemotherapeutic agents
[40], suggesting that BRUCE and Apollon may function as inhibitors of apoptosis.
BRUCE also contains at its C-terminus a typical UBC domain, an E2 hallmark that
harbors the active site cysteine required for thioester formation[41]. BRUCE was found
to form a conjugate with ubiquitin in the presence of E1 in vitro, confirming its E2
activity[39]. It is not known yet if BRUCE functions with an E3, what proteins it
might ubiquitinate, and what its physiological function might be.

It is worth noting that more than 200 proteins with many different functions have
a RING finger domain[4]. Several well-known multi-subunits E3 contain RING pro-
teins that are required for their activities[42]. It appears that the role of RING proteins
in these E3s is related to the assembly of these complexes, but not directly involved in
substrate recognition or ubiquitin transfer[4]. However, like the IAP proteins, a num-
ber of RING-containing protein themselves possess E3 activity that depends upon an
intact RING domain[43-45]. For example, the RING-containing protein Cbl mediates
the ubiquitination of the receptor for epidermal growth factor (EGFR)[43],[44]. The
product of the breast cancer susceptibility gene bracl promotes autoubiquitination[43].
The p53-binding protein Mdm2 can catalyze both autoubiquitination and ubiquitination
of its substrate, p53[45]. These results suggest that the RING domain may directly
participate the transfer of ubiquitin from E2 to substrate. Furthermore, ubiquitination
of EGFR and p53 by Cbl and Mdm2, respectively, modulates their intracellular levels
[45-47], indicating that these ubiquitination reactions are specific and physiologically
important. This is strongly supported by the finding that the E3 activity of IAPs is
important in regulating their own level and apoptosis-inhibiting activity[37]. In addition,
it is conceivable that XIAP, c-IAP1, and c-IAP2 may not only regulate their own levels
in cells, but may also modulate the amount of their (putative) substrates. Given the
fact that IAPs associate with many proteins, such as caspases, TRAF-2, and TGF-b
receptor, it will be interesting to determine if these proteins are ubiquitinated by IAPs,
and if so what effect this might have on signal transduction and cell fate.

Conclusion

The IAPs family proteins are known for their ability to inhibit apoptosis induced
through mitochondria-dependent and-independent pathways. It appears that this can
be attributed to their ability to prevent activation of procaspase-9, and inhibit caspase-
3, -7, and -9. However, there is also compelling evidence indicating that the inhibition
of ¢-IAP1 and c-IAP2 on TNF-induced apoptosis is related to their affect on TNFR-
mediated induction of NFkB. Both the mammalian IAP survivin and the yeast IAP Bir-
1 have profound effects on cell cycle progression. This might be the major function of
this type of IAP, as yeast does not express caspases. We have recently found that RING
finger-containing IAPs have E3 activity and can catalyze their own ubiquitination.
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This activity appears to be important in regulating the intracellular level of these IAPs
and their effects on apoptosis. These results not only demonstrate that the RING finger
domain participates in protein ubiquitin ligation, but also raise the possibility that the
E3 activity of these IAPs may be involved in the multiple biological activities of these
IAPs in cells. For example, it has been shown recently that cIAP1 is able to catalyze in
vitro ubiquitination of caspase-3 and -7, but not caspase-1[48]. Although it remains to
be determined whether this ubiquitination can happen in cells, the results raise the
possibility that the E3 activity of cIAP1 may contribute to its inhibition on caspases.
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