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The inhibitor of apoptosis (IAP) proteins are important ubiq-
uitin E3 ligases that regulate cell survival and oncogenesis. The
cIAP1 and cIAP2 paralogs bear three N-terminal baculoviral
IAP repeat (BIR) domains and a C-terminal E3 ligase RING
domain. IAP antagonist compounds, also known as Smac
mimetics, bind the BIR domains of IAPs and trigger rapid
RING-dependent autoubiquitylation, but the mechanism is
unknown. We show that RING dimerization is essential for the
E3 ligase activity of cIAP1 and cIAP2 because monomeric RING
mutants could not interact with the ubiquitin-charged E2
enzyme and were resistant to Smac mimetic-induced autoubiq-
uitylation. Unexpectedly, the BIR domains inhibited cIAP1
RING dimerization, and cIAP1 existed predominantly as an
inactive monomer. However, addition of either mono- or biva-
lent Smac mimetics relieved this inhibition, thereby allowing
dimer formation and promoting E3 ligase activation. In con-
trast, the cIAP2 dimer was more stable, had higher intrinsic E3
ligase activity, and was not highly activated by Smac mimetics.
These results explain how Smac mimetics promote rapid
destruction of cIAP1 and suggest mechanisms for activating
cIAP1 in other pathways.

The attachment of ubiquitin and ubiquitin-like molecules to
intracellular proteins is a key process that regulates many cel-
lular events (1). A hierarchical multienzyme cascade brings
about the attachment of ubiquitin to substrate proteins. Ubiq-
uitin is first activated by the ubiquitin-activating enzyme (E1)
and then is transferred to the active site cysteine of the ubiqui-
tin-conjugating enzyme (E2). Subsequently, ubiquitin-protein
ligases (E3s) promote the transfer of ubiquitin from the E2 to
lysine residues in target proteins. The RING* domain-contain-
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ing E3 ligases, which are prevalent in mammals (>300), do not
directly interact with ubiquitin; instead, the RING domain
binds to the E2 and promotes the transfer of ubiquitin from the
E2~ubiquitin (E2~Ub) thioester conjugate to the target pro-
tein (2).

The mechanism by which the RING domain promotes ubigq-
uitin transfer is not obvious because the RING-binding site on
the E2 is distant from the active site. It has been proposed that
the RING domain simply brings the E2~Ub conjugate into
close proximity with the substrate and that the increased avail-
ability of E2s promotes transfer of ubiquitin to the substrate.
However, interactions between RING domains and E2s are
generally transient and have modest affinity, and tighter bind-
ing does not always correlate with increased activity. In addi-
tion, not all RING-E2 complexes promote transfer, demon-
strating that proximity alone is insufficient (3). Notably, the
RING domains of Brcal and c¢-Cbl interact with UbcH7 and
UbcH5b, but only interaction with UbcH5b results in ubiquitin
transfer (3, 4). Others have suggested that an allosteric mecha-
nism is important whereby interaction of the RING domain
with the E2 leads to changes at its active site that promote
release of ubiquitin (5, 6). Consistent with this, binding of the
G2BR domain of the E3 gp78 induces allosteric changes in the
E2 Ube2g?2 that enhance ubiquitin loading (7).

Regulation of E3 ligase activity is important for cellular func-
tion, and different strategies have been adopted by various E3
ligases (2). For example, covalent modification of substrate pro-
teins can regulate their interaction with E3 ligases so that they
are appropriately targeted for ubiquitylation (8). In other cases,
dimerization promotes the activity of RING E3 ligases (9, 10).
However, it is unclear how dimerization of the RING domain
increases activity because even when the non-E3 ligase RING
domains from Bardl, mouse double minute X (MDMX), and
Bmil form heterodimers with their active partners they pro-
mote E3 ligase activity (10-13). This indicates that RING
dimerization does not increase ubiquitin transfer by simply

chondrion-derived activator of caspase; SM, Smac mimetic; TRAF, TNF
receptor-associated factor; RIPK1, receptor-interacting protein kinase-1;
Comp., compound; BIR, baculoviral IAP repeat; Ub, ubiquitin; UBA, ubiqui-
tin-associated; CARD, caspase recruitment domain; MEF, mouse embry-
onic fibroblast; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol; MBP, maltose-binding protein; BUCR, BIR3-UBA-CARD-
RING; E, embryonic day; DT, dimer tail mutant; DI-m, dimer interface
mutant; E2-m, E2 binding mutant; mbw, monomeric Bcl-w; FRT, Flippase
Recognition Target; DISC, Death Inducing Signaling Complex; TRADD, TNF
Receptor Associated Death Domain.
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increasing E2 availability but that dimerization stimulates the
E3 ligase activity of the active partner.

Inhibitor of apoptosis (IAP) proteins are single subunit RING
E3s that modulate apoptosis signaling pathways (14, 15). Some
IAPs, such as X-linked IAP, can directly inhibit caspases and
prevent proteolytic cleavage, whereas cIAP1 and cIAP2 are
recruited to tumor necrosis factor (TNF) receptor complexes
(16) and modulate the receptor-mediated apoptotic pathways
that lead to NF-«B activation (17, 18). The C-terminal RING
domains of cIAP1 and cIAP2 are critical (19, 20) with the RING
domain required for dimerization, substrate ubiquitylation,
and autoubiquitylation (21-23). In addition to the RING
domain, all IAPs have N-terminal baculoviral IAP repeat (BIR)
domains that can bind to other proteins, such as the IAP antag-
onist Smac/DIABLO (second mitochondrion-derived activator
of caspase or direct IAP-binding protein with low pl) (24, 25).
Some IAPs also contain a ubiquitin-associated (UBA) domain
that binds to Lys-63-linked ubiquitin chains (26) and a less well
characterized caspase recruitment domain (CARD) (see Fig.
14).

IAP gene amplification and consequent increased expression
of IAPs have been observed in several tumor types (27). This
prompted the development of IAP antagonist compounds,
which are commonly referred to as Smac mimetics (SMs). Like
Smac/DIABLO, these compounds bind to the second and third
BIR domains of a number of IAPs (28). However, because XIAP
is the only bona fide caspase inhibitor (29), it was expected that
cell death induced by these compounds would be a direct result
of XIAP inhibition. Unexpectedly, however, SM compounds
promoted rapid autoubiquitylation and proteasomal degrada-
tion of the cIAPs, which sensitized cells to TNF receptor-in-
duced cell death in a variety of tumor types (17, 18). Several
studies have now established that a key role of cIAPs is to reg-
ulate NF-«B signaling (30). Notably, cIAP-mediated ubiquity-
lation of RIPK1 has been shown to promote cancer cell survival,
and loss of cIAPs due to addition of SMs leads to diminished
ubiquitylation and stabilization of RIPK1, caspase-8 activation,
and apoptotic cell death (31). Control of the E3 ligase activity of
cIAPs is therefore critical for their antiapoptotic function, yet
the mechanism by which their E3 ligase activity is stimulated
and how SM compounds modulate it remain uncertain.

Our previous structural studies showed that the RING
domain of cIAP2 exists as a dimer and that the dimer bound
directly to the E2 UbcH5b (20). To understand how IAP antag-
onists promote autoubiquitylation of cIAPs, we focused on
identifying the essential features of the RING domain. By uti-
lizing monomeric mutant proteins, we show that dimerization
is required for E3 ligase activity because only dimeric cIAP
RING domains could promote release of ubiquitin from the
E2~Ub conjugate. Our data also show that together the
N-terminal BIR3, UBA, and CARD domains inhibited RING
dimerization and that interaction of the monovalent and biva-
lent IAP antagonist compounds with the BIR3 domain over-
came this. Thus, RING dimerization is the key regulatory trig-
ger exploited by SM compounds to promote autoubiquitylation
and degradation of cIAPs.
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EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis—Various constructs of human
cIAP1 and cIAP2 (GenBank accession numbers U37547 and
U37546) and relevant mutants were cloned into pGEX-6p3 and
confirmed by sequencing. Purified proteins have five additional
N-terminal residues, GPLGS, as a result of cloning. The
QuikChange site-directed mutagenesis kit (Stratagene) was
used to generate mutants. Ubiquitin was expressed in pQE80L
with an N-terminal His, fusion, and both UbcH5b and the C85S
mutant were expressed as glutathione S-transferase (GST)
fusion proteins. Inducible pF 5x UAS SV40 Puro mouse cIAP1
WT and mouse cIAP1 F610A (dimer tail mutant (DT)) cloned
into pF 5x UAS SV40 Puro have been described previously (20).
Mouse cIAP1 E2 binding mutants V567A/D570A (E2-m1) and
L593A/1598A (E2-m2) and the cIAP1 dimerization interface
mutant V576E (DI-m2) were generated by overlap PCR
mutagenesis, cloned into the pF 5x UAS SV40 Puro vector using
standard techniques, and confirmed by sequencing. The com-
plete sequence of all constructs can be obtained upon request.

Transfections, Antibodies, and Reagents—Transient trans-
fections typically using 1 ug of plasmid DNA/10-cm plate of
cells were performed with Effectene™ according to the man-
ufacturer’s instructions (Qiagen). Antibodies were sourced as
follows: monoclonal anti-B-actin (Sigma), monoclonal anti-
cIAP1 (1:500) (Alexis), monoclonal anti-FLAG (1:2000)
(Sigma), monoclonal anti-monomeric Bcl-w (mbw) (1:1000) (in
house), monoclonal anti-ubiquitin (Cell Signaling Technol-
ogy), and polyclonal anti-cIAP2 (in house). MG132 (Boston
Biochem) was used at 1 um, and 4-hydroxytamoxifen (Sigma)
was used at 5 nm (MEFs). Smac mimetic compounds (TetraL-
ogic Pharmaceuticals) were used at 500 nMm (bivalent Comps. A
and F) or 1 um monovalent (Comps. C, D, E, G, and H). All SM
compounds are shown in supplemental Fig. 3. All reagents were
used according to the manufacturer’s protocols.

Protein Expression and Purification—All cIAP1 and cIAP2
proteins were expressed as GST fusions in Escherichia coli
BL21(DE3). Protein expression was induced by addition of iso-
propyl 1-thio-B-p-galactopyranoside, and cultures were incu-
bated at 18 °C overnight. The recovered cell pellet was soni-
cated in lysis buffer (PBS, pH 7.4 containing 2 mm DTT), and
the soluble GST fusion protein was bound to glutathione-Sep-
harose. Resin-bound GST-cIAP proteins were then washed and
treated with PreScission protease (Amersham Biosciences).
The soluble fraction was purified using either a Sephadex S75
column or a Superdex S200 column equilibrated in PBS. Frac-
tions that contained purified protein were combined, concen-
trated, and quantified. Ubc5Hb was expressed in E. coli at 18 °C
and purified from clarified lysate by affinity chromatography
and size exclusion in a similar manner.

Multiple Angle Laser Light Scattering (MALLS) Analysis—
Concentrated protein that had been fully reduced by addition
of DTT was analyzed by MALLS (Wyatt Technology) when
coupled to a Superdex 200 HR 10/30 column (GE Healthcare)
equilibrated in 1X PBS, pH 7.4. Data were analyzed using
ASTRA V (Wyatt Technology). SM compounds were added to
protein samples at 2X the molar concentration of binding sites
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and left on ice for 30 min prior to their separation on the S200
column.

Ubiquitylation Assays—For ubiquitylation assays, ~5 um
soluble cIAP proteins, which had been mixed with a 1.25 molar
excess (based on the number of binding sites) of the indicated
compounds for 15 min, was mixed with 7.5 um UbcH5b and
100 nm E1 in 20 mm Tris, pH 7.5, 50 mm NaCl, 50 um His-tagged
ubiquitin, 5 mm ATP, 2 mm MgCl,, 2 mm DTT. Samples were
incubated at 37 °C for the indicated times, and then following
addition of 2X SDS-PAGE sample buffer, the reactions were
resolved by SDS-PAGE on 4-12% BisTris gels and stained
using Coomassie Blue. Stock solutions (10 mm) of bivalent
Comp. A, its enantiomer Comp. B, and monovalent Comp. C
were prepared and then diluted in water as required.

Conjugate Preparation and Discharge Assays—A stable
E2~Ub conjugate was prepared using UbcH5b with a Cys to
Ser mutation at the active site (C85S) and either native ubiqui-
tin or ubiquitin that had an N-terminal His tag. To prepare the
conjugate, E2, ubiquitin, E1, ATP, creatine phosphate, and
phosphocreatine were incubated at 37 °C until conjugate for-
mation was complete (typically 6-10 h). Ubiquitin-charged
C85S-UbcH5D (referred to as E2~Ub conjugate) was stable and
could be purified at pH 5 using an S75 column. To measure
discharge, purified IAP proteins (E3) were added to the purified
conjugate in 50 mm MES, pH 6.5, and the disappearance of the
parent band and appearance of the ubiquitin and E2 bands were
used to assess the efficiency of ubiquitin release.

Pulldowns—Maltose-binding protein (MBP) fusion proteins
were used to directly measure interaction between cIAP2
CARD-RING proteins and the E2~Ub conjugate. Soluble
E2~Ub conjugate and MBP-CARD-RING amylose resin-im-
mobilized proteins were mixed for 60 min at 4 °C in PBS buffer
containing 0.2% Tween 20 and 2 mmMm DTT and then washed
with PBS containing 0.2% Triton X-100 and 2 mm DTT prior to
addition of 2X SDS-PAGE sample loading buffer. Samples were
then separated by 14.5% SDS-PAGE, and proteins were
detected by immunoblotting and detection with anti-His
antibodies.

Circular Dichroism (CD) Spectroscopy—The far-UV CD
spectra of cIAP1 BIR3-UBA-CARD-RING (BUCR) were
recorded between 195 and 260 nm using an Olis DCM-10 CD
spectrophotometer. The measurements were taken in 20 mm
NaP, 100 mm NaCl, pH 7.4 at a protein concentration of 12.5
uM in the absence of compounds or the presence of either
Comp. A or Comp. C (final concentration of 25 uM) ina 1-mm
cuvette at 20 °C. SM compounds were dissolved in methanol as
10 mm stocks because DMSO is known to interfere with CD
measurements below 200 nm. The final methanol concentra-
tion was 5% (v/v). Measurements of buffer blank samples con-
taining 5% (v/v) methanol were recorded and subtracted from
the spectra of the compound alone or protein plus compound.

Cell Culture and Lentivirus Production—All cell lines were
maintained in DMEM supplemented with 10% FCS, 2 mm
L-glutamine, and penicillin/streptomycin and grown at 37 °C in
10% CO,. To generate lentiviral particles, 293T cells were
transfected with packaging constructs pCMV AR8.2, pVSVg,
and the relevant lentiviral plasmid in the ratio of 1:0.4:0.6. After
24 h, the virus-containing supernatants were harvested and fil-
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tered (0.8 wm). Polybrene was added (12 png/ml), and target
cells were infected with virus supernatant for 24 h. The medium
was subsequently changed, and successful infection was
selected for with puromycin (5 wg/ml; pF 5xUAS selection) or
hygromycin B (300 ug/ml; GEV16 selection). pF 5x UAS induc-
ible constructs were induced with 5 nm 4-hydroxytamoxifen for
16 h prior to harvesting lysates for Western blotting.

Generation of MEFs—Generation of MEFs and lentiviral par-
ticles has been described recently (18, 32). Briefly, MEFs were
generated from embryos in accordance with standard proce-
dures and were infected with SV40 large T antigen-expressing
lentivirus. In vivo double knock-out cIAP1 and cIAP2 MEFs
were obtained from LoxP/LoxP cIAP1 and FRT/FRT cIAP2
mice crossed first with a Cre transgenic mouse followed by a
FIpE transgenic mouse. Double knock-out MEFs were gener-
ated at E10 instead of E15. In vivo cIAP1 MEFs were obtained
from a LoxP/LoxP cIAP1 mouse crossed with a Cre transgenic
mouse, generated at E15, and infected with SV40 large T anti-
gen-expressing lentivirus.

Western Blotting and Immunoprecipitations—Samples were
lysed in Death inducing signaling complex (DISC) lysis buffer
containing 1% Triton X-100 supplemented with protease
inhibitor mixture (Roche Applied Science) and N-ethylmaleim-
ide on ice for 30 min and clarified by centrifugation. Samples
were separated on precast 4—20% polyacrylamide gels (Bio-
Rad) and transferred to nitrocellulose membranes for antibody
detection. All membrane blocking steps and antibody dilutions
were performed with 5% skim milk in PBS containing 0.1%
Tween 20 (PTBS), and washing steps were performed with
PTBS. Proteins on membranes were visualized using ECL
(Amersham Biosciences) following incubation of membranes
with HRP-coupled secondary antibodies.

RESULTS

Multidomain cIAP Proteins Form Less Stable Dimers than
RING Domain Alone—OQOur previous studies showed that the
RING domain of cIAP2 forms a dimer in solution, and the crys-
tal structure revealed that dimerization was dependent on con-
tacts between residues in the core of the RING domain as well
as an N-terminal helix and a C-terminal extended strand, both
of which flank the RING domain (20). Analysis of the RING
domain from cIAP1 using multiple angle laser light scattering
coupled in-line to size exclusion chromatography (MALLS-
SEC) showed that it was also dimeric with a measured mass of
13.9 kDa (theoretical mass of the dimer is 14.6 kDa) (Fig. 1B).
Both the cIAP1 and cIAP2 RING domain dimers appeared to be
quite stable because samples at concentrations as low as 10 um
had an identical elution time (Fig. 1, B and C), and the average
mass suggested that the proteins were dimeric, although at low
protein concentrations the average mass measurement is not as
accurate as at higher protein concentrations. However, when
purifying longer cIAP2 proteins that contained domains in
addition to the RING, the elution point varied depending on the
concentration of the sample applied to the column, and often
we observed two peaks suggestive of two oligomeric states (data
not shown).

To explore this observation further, we purified cIAP1 and
cIAP2 proteins that included the BUCR domains (Fig. 14) and
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FIGURE 1. N-terminal domains of clAPs inhibit dimerization. A, schematic showing the domain organization of cIAPs and the constructs used in this study.
Residues included in the human clAP1 BUCR and RING constructs used were 266 -618 and 553- 618, respectively. The clAP2 construct included BUCR (residues
255-604), CARD-RING (CR) (residues 435-604), and RING (residues 535-604). B, samples of clAP1 RING at 10 (pink), 25 (black), and 50 um (gray) were separated
onan S75 column connected in line with a MALLS detector. The refractive index trace for each sample is shown, and the calculated mass is shown (gray squares)
forthe 50 um sample. The dashed lines indicate the expected masses of monomeric and dimeric species. C, equivalent samples of clAP2 RING were analyzed and
displayed as in B. D, samples of clAP1 BUCR at 25 (black), 100 (blue), and 300 um (brown) were separated on an S200 column connected in line with a MALLS
detector. The refractive index trace and the calculated mass are shown for each sample (color matches the trace). The dashed lines indicate the expected masses
of monomeric and dimeric species. E, equivalent samples of clAP2 BUCR were analyzed and displayed as in D.

again used MALLS-SEC to characterize the oligomeric state of
these proteins. The calculated molecular mass of the BUCR
monomers is ~40.0 kDa; therefore, a measured mass of ~80
kDa would be expected for dimeric proteins. Surprisingly, the
cIAP1 BUCR protein consistently eluted as a predominantly
monomeric peak even when injected at concentrations up to
~300 uM (Fig. 1D). In contrast, a monomer-dimer equilibrium
was observed for the equivalent cIAP2 protein with the peak
that corresponds to the dimeric species increased at higher pro-
tein concentrations (Fig. 1E). cIAP proteins that did not possess
a RING domain behaved as monomers (data not shown).
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This suggests that dimer formation depends on the RING
domain of cIAPs, but the BIR3, CARD, and UBA domains mod-
ulate dimer stability. In addition, the oligomeric state of the
longer proteins distinguishes cIAP1 from cIAP2 with the cIAP2
BUCR protein forming a more stable dimer than the corre-
sponding cIAP1 protein.

Dimer Stability Correlates with E3 Ligase Activity and Distin-
guishes cIAPI and cIAP2—To evaluate the functional impor-
tance of cIAP dimerization, we assessed the ability of the differ-
ent cIAP proteins to promote autoubiquitylation in vitro. As
expected, both cIAP BUCR proteins efficiently promoted

VOLUME 286+NUMBER 19-MAY 13,2011
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conjugate that was incubated for 6 h without any E3 (no E3) is shown.

autoubiquitylation; however, the activity of the cIAP2 protein
was much greater than for the analogous cIAP1 protein. For
example, after incubation with ubiquitin, E1, and E2 for 30 min,
most of the cIAP2 protein was highly ubiquitylated, whereas
some of the cIAP1 protein was yet to be ubiquitylated, and most
of it was only monoubiquitylated (Fig. 24).

We next sought to determine whether the differences in
dimerization propensity between cIAP1 and cIAP2 were re-
sponsible for their markedly different E3 ligase activity or
whether the RING domains themselves were inherently differ-
ent. To directly compare the ligase activity of BUCR and RING
constructs, we developed a ubiquitin release assay as autoubigq-
uitylation is considerably lower in RING-only constructs due to
restricted lysine availability (supplemental Fig. 1). The active
site cysteine mutant (C85S) of the promiscuous E2 UbcH5b,
which mediates substrate ubiquitylation by cIAPs, was chosen
for these studies (33, 34). The conjugate formed between this
mutant and ubiquitin is relatively stable, allowing the E2~Ub
conjugate to be purified. We then compared the ability of dif-
ferent RING-containing proteins (at equimolar concentra-
tions) to promote the conversion of the E2~UDb conjugate (~25
kDa) to free E2 (~17 kDa) and ubiquitin (~10 kDa) (Fig. 2B).
Consistent with our autoubiquitylation assays (Fig. 2A4), the
cIAP2 BUCR protein more efficiently promoted discharge than
the cIAP1 equivalent, which promoted only a modest increase
in ubiquitin discharge. The RING domains of both cIAP1 and
cIAP2 promoted disappearance of the conjugate to a similar
extent and were more efficient than either of the longer con-
structs (Fig. 2C). Thus, without the inhibitory effects of their
N-terminal domains, the cIAP1 RING domain is equivalent to
that of cIAP2, and the ability to promote ubiquitin discharge
correlates with the ability of the different proteins to form a
stable dimer (Fig. 1).

Mutations That Disrupt RING Dimerization Disrupt
Autoubiquitylation—To further investigate the contribution of
RING dimerization to cIAP protein function, we generated
mutant cIAP proteins that had a reduced ability to form stable
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dimers. Previously, we showed that mutation of the aromatic
residue three residues from the C terminus of the cIAP2 RING
domain (F602A; subsequently referred to as DT) prevented
dimer formation and abrogated the E3 ligase activity of the
protein (20). Mutation of the analogous aromatic residue in the
RING domain of MDM2 rendered the protein inactive, but
the mutant MDM?2 could still form heterodimers with MDM4,
and the heterodimer was an active E3 ligase (13, 35), suggesting
that the C-terminal residues might contribute to RING domain
function in several ways. Therefore, to directly investigate the
importance of RING dimerization for cIAP activity, we
mutated Val-568, which is buried at the interface of the cIAP2
RING dimer (Fig. 34). These mutants are referred to as dimer
interface mutant 1 (DI-m1) (V568A) and DI-m2 (V568E) (see
supplemental Table 1 for a summary of all mutants used in this
study). Analysis of the purified proteins using MALLS-SEC
showed that DI-m2 is largely monomeric in solution (Fig. 3B)
because even at high concentrations (440 um) it had an average
molecular mass of 21.6 kDa, which is close to the calculated
monomer mass of 21.19 kDa. In contrast, when samples of
DI-m1 and wild-type protein at only ~80—-100 um were loaded,
the peaks eluted earlier, and the average molecular mass of the
wild-type protein was close to that of the dimer, whereas the
DI-m1 mutant had an average mass between that of the mono-
mer and the dimer. This indicates that the conservative Val to
Ala mutation slightly reduced the stability of the dimer but that
the Val to Glu mutation, which would be predicted to place two
similarly charged side chains opposite each other, was disfa-
vored and destabilized the dimer, resulting in monomeric pro-
tein even at high concentrations. Analysis by circular dichroism
spectroscopy indicated that the secondary structure of mutant
proteins was comparable with that of the wild-type protein
(supplemental Fig. 2A).

Autoubiquitylation assays using both the cIAP2 CARD-
RING (supplemental Fig. 2B) and BUCR (Fig. 3C, left panel)
proteins showed that the wild-type protein and DI-m1 effi-
ciently promoted ladder formation. In contrast, the monomeric
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FIGURE 3. Mutations that disrupt dimerization disrupt autoubiquitylation. A, ribbon representation of the clAP2 RING dimer showing the zinc-binding
sites. Residues that when mutated resulted in a monomeric protein, Phe-602 (red) and Val-568 (orange), are shown as spheres. B, samples of wild-type (black),
DI-m1 (blue), and DI-m2 (orange) clAP2 CARD-RING protein at either ~80-100 (DI-m1 and WT) or ~440 um (DI-m2) were analyzed using an S200 column
coupledin line to a MALLS detector. The refractive index profiles and average masses for the indicated peaks are shown. The dashed lines indicate the expected
masses of the monomeric and dimeric proteins. C, the ability of wild-type and mutant BUCR proteins to promote autoubiquitylation was assessed. Equivalent
samples of WT clAP2 and mutants DI-m1, DI-m2,and DT as well as WT clAP1 and the DI-m2 mutant were incubated with purified E1, E2, and ubiquitin for 10 and
60 min at 37 °C. Samples were then separated by SDS-PAGE and stained with Coomassie Blue. E1 was omitted from the controls (—). D, clAP1 clAP2 double
knock-out MEFs were immortalized with SV40 large T and infected with a lentivirus containing inducible mouse clAP1 that was either WT or contained the
mutations DI-m2 and DT. For each construct, single clones were induced with 5 nm 4-hydroxytamoxifen for 16 h and treated with or without 500 nm bivalent
Comp. A for 16 h. DISC lysates were separated by SDS-PAGE, and proteins were detected using antibodies for clAP1 and B-actin. E, clAP1~/~ MEFs were
immortalized with SV40 large T and infected with a lentivirus containing WT or DI-m2 inducible mouse clAP1 construct. Following selection of single clones,
MG132 was added for 2 h prior to incubation with or without 500 nm bivalent Comp. A for 1 h. DISC lysates were separated by SDS-PAGE, and proteins were
detected using antibodies for clAP1, ubiquitin, and B-actin. F, 293T cells were transfected with clAP2 BUCR WT, DT and DI-m2 mutants, and GFP. Cells were
treated with or without 500 nm bivalent Comp. A for 1 h. DISC lysates were prepared, separated by SDS-PAGE, and analyzed by Western blot for clAP2 and
B-actin. Cells from each sample were also analyzed in parallel by flow cytometry for expression of GFP. +ve, positive.

DI-m2 and DT mutants did not promote efficient autoubiqui- although difficult to detect, RING dimerization is required for
tylation (Fig. 3C, left panel). Mutation of the equivalent Val to  activity.

Glu (V576E; referred to as DI-m2) at the dimer interface in To investigate the effect of specifically disrupting dimer for-
cIAP1 also resulted in an E3 ligase with diminished activity (Fig. mation on the E3 ligase activity of IAPs in a cellular setting, we
3C, right panel). Because disruption of the dimer interface sup- made the DI-m2 mutation in full-length cIAP1 and expressed it
pressed the E3 ligase activity of cIAP1, this suggests that, in cIAP1 '~ cIAP2"/~ cells. Consistent with our previous
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FIGURE 4. Monomeric clAP proteins do not interact with E2~Ub conjugate and promote discharge. A, wild-type or the indicated RING mutants within the
context of clAP2 CARD-RING (CR) protein were expressed as His-MBP fusions and immobilized on resin. Soluble His-tagged E2~Ub conjugate was added to
resin-bound proteins, incubated at 4 °Cfor 1 h, and then washed before separation by SDS-PAGE and transfer to nitrocellulose. The clAP2-MBP fusions and the
E2~Ub conjugate were both detected using a-His antibodies. B, for discharge assays, wild-type clAP2 or the mutant BUCR proteins were mixed with the
E2~Ub conjugate for the indicated times at 37 °C, and then samples were removed. A sample of conjugate that had been incubated in the absence of any E3
isincluded as a control (lane 2). All samples were separated by SDS-PAGE and stained with Coomassie Blue. C, wild-type and DI-m2 clAP1 BUCR proteins were

incubated with conjugate and analyzed as described in B.

results (20), mutation of the C-terminal aromatic residue to
alanine in cIAP1 (F610A; DT) that rendered the protein an
inactive E3 ligase resulted in accumulation of the protein in the
absence of SM compounds and inhibited degradation induced
by the bivalent SM (Comp. A; Fig. 3D). All compounds used in
this study are described in supplemental Fig. 3. Likewise, cIAP1
containing the DI-m2 mutation was more stable than the wild-
type protein, and it was not degraded when Comp. A was added
(Fig. 3D, cf. lanes 2 and 3, lanes 5 and 6, and lanes 8 and 9).
Because RING domains that contain DT and DI-m2 are mono-
mers, this indicates that RING domain-mediated dimerization
is required for SM compounds to cause the rapid degradation of
cIAP1. This is consistent with our previous results that showed
that the DT mutant inhibits the TNF-induced activation of
NF-kB (36). Others have also shown that the DT mutation dis-
rupts ubiquitylation of RIPK1 (19).

To confirm that degradation of cIAP1 was due to autoubig-
uitylation and targeting to the proteasome for degradation and
that this process was dependent on RING dimer formation, we
treated cells with the proteasome inhibitor MG132 to prevent
degradation of ubiquitylated products. Comp. A promoted
ubiquitylation of wild-type cIAP1 but not the DI-m2 mutant
(Fig. 3E, ¢f. lanes 4 and 8). We also analyzed cIAP2 to determine
whether the greater stability of the dimer and higher E3 ligase
activity in vitro were mirrored within a cellular setting. For
these experiments, we co-transfected 293T cells with wild-type
cIAP2 or monomeric cIAP2 mutants together with green fluo-
rescent protein (GFP) to ensure that the transfection efficiency
was equivalent. Consistent with our in vitro results, wild-type
cIAP2 was extensively modified when overexpressed, whereas
the cIAP2 dimerization mutants had a significantly reduced
level of modification and appeared to be more stable compared
with the wild-type protein (Fig. 3F, cf. lane 3 with lanes 5 and 7).
However, unlike cIAP1, cIAP2 levels remained relatively high
upon treatment with IAP antagonist compounds (Fig. 3F, lane
4). This suggests that RING dimerization is required for the E3
ligase activity of cIAP2, but because the basal E3 ligase activity is
relatively high, it is not highly stimulated upon SM compound
addition (discussed further below).
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RING Dimerization Is Required for Interaction with E2~Ub
Conjugate and to Promote Ubiquitin Discharge—RING do-
mains must interact with an E2, such as UbcH5b, to promote
ubiquitylation (2). We therefore sought to test whether the
monomeric cIAP proteins were inefficient E3 ligases because
they could no longer interact with the E2. To assess E2 recruit-
ment by the different proteins, we compared the ability of
immobilized mutant and wild-type cIAP2 MBP-CARD-RING
fusion proteins to interact with the E2~Ub conjugate formed
between the E2 (UbcH5b) and ubiquitin. In pulldown assays,
wild-type cIAP2 and the DI-m1 mutant bound comparable
amounts of the E2~Ub conjugate, suggesting that interaction
of the conjugate with the DI-m1 mutant was not significantly
diminished (Fig. 44). Neither the two monomeric mutant pro-
teins DI-m2 and DT nor the control cIAP2 E2 interface mutant
E2-m2 (R592A and V559A) bound to the conjugate, showing
that dimerization of the cIAP2 RING domain and the integrity
of the E2 binding surface are required for interaction of the
RING domain with the UbcH5b~ubiquitin conjugate.

Although interaction with the E2~Ub conjugate was signif-
icantly reduced for the monomeric mutants, some RING E3s
have been observed to efficiently promote ubiquitin transfer
even though their interaction with the E2 is transient and diffi-
cult to detect (13, 35). Therefore, we also utilized the ubiquitin
discharge assay to evaluate the ability of the mutant cIAP pro-
teins to functionally interact with the E2 (Fig. 2B). As expected,
the inactive E2 binding mutant E2-m2 (supplemental Fig. 4A)
could not promote discharge of ubiquitin, whereas the wild-
type cIAP2 protein promoted breakdown of the conjugate into
free E2 and ubiquitin (supplemental Fig. 4B). Furthermore, the
stable active DI-m1 mutant and wild-type protein promoted
comparable amounts of ubiquitin discharge (Fig. 4B). In con-
trast, the conjugate was stable in the presence of the mono-
meric mutant cIAP2 proteins (DI-m2 and DT). Similarly, the
equivalent wild-type cIAP1 protein promoted discharge, but
the DI-m2 mutant did not (Fig. 4C).

Together, these results indicate that RING dimerization is
required for recruitment of the E2~Ub conjugate and for effi-
cient discharge of ubiquitin. Dimerization has been reported to
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increase the E3 ligase activity of a number of RING domains.
Our results suggest that this may be because the RING dimer is
required for a productive interaction with the E2~Ub conju-
gate so that the oxyester (or thioester) bond between the E2 and
ubiquitin is destabilized in preparation for catalysis. These data
support a model whereby RING dimerization has an important
role in regulating the E3 ligase activity of the cIAPs.

Mono- and Bivalent IAP Antagonist Compounds Promote
RING-dependent Dimerization and Autoubiquitylation—The
ability of IAP antagonist compounds to promote IAP-depen-
dent cell death is now well established (17, 18), but the mecha-
nism by which the SM compounds promote ubiquitylation
remains uncertain. Given that dimerization of the cIAP pro-
teins is required for E3 ligase activity and is modulated by the
N-terminal domains, we wondered whether IAP antagonist
compounds promote autoubiquitylation by stabilizing the cIAP
dimer. For these studies, we used the bivalent SM (Comp. A)
and the monovalent SM (Comp. C) (supplemental Fig. 3) with
monovalent compounds added at twice the concentration of
the bivalent compounds to maintain the same number of
mimetic moieties. As observed previously when cIAP1 was
overexpressed (Fig. 3D), the bivalent compound also promoted
the rapid degradation of endogenous cIAP1 in D645 cells (Fig.
5A). In contrast to cIAP1 and consistent with our results when
we overexpressed cIAP2 (Fig. 3F), endogenous cIAP2 appeared
to have a significant level of basal modification in the untreated
sample, and the levels of cIAP2 were not significantly decreased
upon SM treatment. Endogenous cIAP1 was also efficiently
degraded upon treatment with Comp. C (Fig. 5A4), indicating
that the SM compounds stimulate autoubiquitylation in the
absence of BIR domain cross-linking by bivalent compounds.
However, the DI-m2 mutant was resistant to Comp. C-induced
degradation (Fig. 5B), indicating that SM-induced cIAP1 deg-
radation requires the formation of a RING dimer.

Next we used MALLS-SEC to evaluate the ability of these
compounds to promote dimerization of the BUCR proteins. As
observed previously, at ~25 um, both BUCR proteins were
largely monomeric (Fig. 5, C and D), although the greater sta-
bility of cIAP2 was apparent as a broad leading edge on the main
peak. Addition of the mono- and bivalent compounds to the
cIAP1 protein readily promoted dimer formation, and the two
samples appeared to have comparable stability (Fig. 5C). For
cIAP2, bivalent Comp. A also promoted dimerization, although
the stability of the dimer was reduced when monovalent Comp.
C was added because the average mass was 58.7 kDa, and the
peak eluted between that of the monomer and dimer peaks (Fig.
5D). For both proteins, no shift in mass or peak position was
observed when the monovalent compound was added to the
DI-m2 mutant (Fig. 5, E and F). Dimerization of the DI-m2
mutant was also reduced upon addition of the bivalent com-
pound, although some cross-linking due to interaction of the
compound with BIR domains from two IAP molecules
occurred in the absence of a stable RING dimer (see Fig. 6C).

In parallel with these experiments, we assessed the ability of
the compounds to promote autoubiquitylation. For cIAP1
BUCR, we observed a significant increase in autoubiquitylation
upon addition of the mono- and bivalent compounds (Fig. 5G)
but not with the inactive enantiomer (Comp. B is the enan-
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tiomer of Comp. A). In contrast, although the active com-
pounds promoted autoubiquitylation of cIAP2 (Fig. 5H), the
increase over the basal activity was less obvious. This is consis-
tent with the diminished ability of the compounds to promote
cIAP2 dimerization (Fig. 5D) and the modest effect of the com-
pounds on cIAP2 levels in cells (Figs. 2F and 5A). For both
cIAP1 and cIAP2, the monomeric DI-m2 mutant was largely
inactive in the presence or absence of the compounds (Fig. 5, G
and H).

These results indicate that both mono- and bivalent com-
pounds can efficiently promote cIAP dimerization that largely
depends on the ability of the RING domains to interact. In
addition, it appears that upon SM treatment dimerization is
more efficiently promoted for cIAP1, but cIAP2 forms a more
stable dimer in the absence of compounds. The ability of the
monovalent compounds that bind to the BIR3 domain to
increase RING-dependent dimer formation strongly suggests
that SM compounds antagonize an interdomain interaction
that inhibits RING dimerization. As a consequence, the mono-
mer-dimer equilibrium shifts in favor of dimer formation.

Dimeric IAP Antagonists Induce RING-dependent Dimeriza-
tion in Cells That Is Independent of E2 Binding—Given the crit-
ical role for RING dimerization in generating an active E3 ligase
and the ability of mono- or bivalent SM compounds to promote
this, we sought to further examine how cIAP dimerization was
regulated. As discussed above, we noted that the RING domain
alone formed a more stable dimer than that formed by longer
proteins with the cIAP1 BUCR protein eluting as a monomer
even at 300 uM, whereas the cIAP1 RING domain behaved as a
stable dimer at 10 uM. This suggested that the longer proteins
contained sequences that restricted dimer formation. Because
attempts to crystallize the longer proteins were unsuccessful,
we used CD spectroscopy to investigate the nature of the
changes that occur upon addition of the SM compounds to
cIAP1 BUCR. For both Comp. A (Fig. 6A4) and Comp. C (sup-
plemental Fig. 5A), the complex spectra overlay with the theo-
retical spectra obtained by adding the spectra of the proteins
and compounds alone. This indicates that compound addition
does not result in a significant change in the secondary struc-
ture. These results are most consistent with the SM compounds
stimulating domain rearrangement that allows two RING
domains to interact.

To identify additional features that influenced dimer stabil-
ity, we utilized a cell-based system and assessed dimer forma-
tion by analyzing the ability of different mutant BUCR proteins
to be co-immunoprecipitated from cells (Fig. 6B). Consistent
with the modest affinity of the cIAP1 dimers, no interaction of
tagged proteins could be detected despite abundant protein in
the lysates (Fig. 6C, cf. lanes 2 and 10). However, we utilized the
ability of bivalent Comp. A to interact tightly with the BIR
domain from two BUCR molecules and effectively cross-link
cIAP proteins that have formed a stable RING-mediated dimer
(Fig. 6B, i, ii, and iii). Initially, we assessed the ability of wild-
type cIAP1 tagged with mbw;, a previously described inert car-
rier protein that has approximately the same size and shape as
an IAP BIR repeat (22), and FLAG-tagged cIAP1 to interact
(Fig. 6B, i). In the presence of bivalent Comp. A, FLAG-tagged
wild-type cIAP1 and mbw-tagged wild-type cIAP1 co-immu-
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FIGURE 5. Mono- and bivalent IAP antagonist compounds promote RING-dependent dimerization and ubiquitylation. A, D645 cells were treated with
500 nm bivalent Comp. Aor T um monovalent Comp. Cfor 5, 15, and 30 min. Lysates were prepared, and clAP1 and clAP2 were detected as described previously.
B, clAP1~/~ MEFs were immortalized with SV40 large T and infected with a lentivirus containing inducible wild-type mouse clAP1 or the monomeric DI-m2
mutant. Single clones were induced with 5 nm 4-hydroxytamoxifen for 16 h and 1 um monovalent Comp. C for 16 h. DISC lysates were separated by SDS-PAGE
and immunoblotted for clAP1 and B-actin. C, MALLS analysis of wild-type clAP1 BUCR protein in the absence of compound (black) and in the presence of either
the monovalent (red) or bivalent (green) compounds is shown. Samples contained 25 um BUCR protein and either 62.5 um bivalent Comp. A or 125 um
monovalent Comp. C. The dashed lines indicate the expected masses of the monomeric and dimeric proteins. D, samples of clAP2 BUCR were analyzed as
described for clAP1BUCR. Eand F, samples of the clAP1 and cIAP2 DI-m2 proteins were also analyzed. G, purified wild-type and DI-m2 clAP1 BUCR proteins were
used in autoubiquitylation assays in the absence or presence of the indicated compounds. Samples were incubated at 37 °C for 30 min, then separated by
SDS-PAGE, and detected by Coomassie staining. H, similar assays were carried out using wild-type and DI-m2 clAP2 BUCR proteins.
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FIGURE 6. E2 binding is not required for compound-induced dimerization. A, CD spectra of Comp. A alone and clAP1 BUCR in the absence or presence of
Comp. A as indicated. The theoretical spectra obtained by adding that for the protein alone and Comp. A alone is also shown. B, schematic detailing the clAP1
BUCR WT and mutants and the active and inactive combinations (labeled i-v) used in the immunoprecipitation (IP) assays. C, 293T cells were transfected with
FLAG-tagged clAP1 BUCR containing the E2-m1 mutation or an empty FLAG vector as a control, and either mbw-tagged wild-type cIAP1 BUCR or a similar
construct with DI-m2 mutation (as indicated in Bii and iv). Cells were treated for 1 h with or without 500 nm bivalent Comp. A or 1 um monovalent Comp. C SM
compound. DISC lysates were immunoprecipitated with anti-FLAG beads for 1 h. Proteins were eluted by boiling, separated by SDS-PAGE, and immunoblotted
for mbw and FLAG. D, experiments similar to those described in C were carried out except that that FLAG-tagged constructs were incubated together with
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noprecipitated but not when the monovalent Comp. C was
added (supplemental Fig. 5B). In a comparable experiment,
FLAG-tagged cIAP1 that contained the E2 interface mutation
V573A/D576A (referred to as E2-m1) was co-immunoprecipi-
tated (Fig. 6B, ii). The interaction with the E2-m1 protein was
easier to detect (supplemental Fig. 5B) probably because of
decreased autoubiquitylation and degradation; we therefore
used this mutant for subsequent co-immunoprecipitation
assays.

To evaluate the possibility that the bivalent compound cross-
linked cIAP proteins irrespective of whether the RING domains
interacted, we utilized the dimer interface mutant DI-m2 (Fig.
6B, iv). When this mutant was co-expressed together with the
E2-m1 mutant and Comp. A was added, considerably less pro-
tein was immunoprecipitated (Fig. 6C, cf. lanes 11 and 15). As
before, no interaction was detected with the monovalent com-
pound (Comp. C). However, addition of either the mono- or
bivalent compound resulted in increased smearing above the
dominant IAP band when wild-type cIAP1 was present, indi-
cating that both compounds can promote RING dimer-depen-
dent autoubiquitylation of cIAPs (Fig. 6C, cf. lanes 3 and 4 with
lanes 7 and 8). Furthermore, a D320S mutation that disrupts
the SM-binding pocket on BIR3 prevented co-immunoprecipi-
tation when the bivalent compound was added (supplemental
Fig. 5C). However, autoubiquitylation was still increased, indi-
cating that the RING dimer forms when just one molecule in
the dimer can bind to the SM compound (Fig. 6B, v). These
results demonstrate that the RING domain-mediated dimer
forms in the absence of cross-linking, but the bivalent com-
pound is required for it to be detected.

Next we investigated the contribution E2 binding made to
the stability of the RING dimer by using constructs where both
E2-binding sites were disrupted (Fig. 6B, iii). We co-expressed
mbw-tagged cIAP1 BUCR constructs of wild type or the E2-m1
mutant together with the FLAG-tagged E2-m1 mutant. Upon
addition of the bivalent compound (Comp. A), a comparable
amount of protein was immunoprecipitated by both the wild-
type and E2-m1 proteins (Fig. 6D, cf. lanes 11 and 15), indicat-
ing that interaction with the E2 does not stabilize the cIAP1
dimer. Taken together, these results suggest that both E2
recruitment and RING dimerization are required for autoubiq-
uitylation, but interaction with the E2 does not increase forma-
tion of the cIAP1 dimer.

All Active Smac Mimetic Compounds Promote Dimerization—
A number of IAP antagonist compounds have been developed
independently (37), and we next investigated whether other SM
compounds promoted cIAP autoubiquitylation in a similar
manner. We were particularly interested to see whether other
monovalent compounds also promoted dimerization and
whether this was associated with autoubiquitylation. We there-
fore synthesized a selection of published structurally distinct
compounds (supplemental Fig. 3) and confirmed that each
compound promoted rapid loss of cIAP1 in a cellular setting as
reported (Fig. 7A) (31, 38). These compounds also promoted
efficient autoubiquitylation of wild-type cIAP1 BUCR in vitro
but not of the monomeric cIAP1 BUCR DI-m2, indicating that
the E3 ligase activity induced by all the tested SMs requires
RING dimerization (Fig. 7B). MALLS-SEC analysis was then
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used to evaluate the oligomeric state of cIAP1 BUCR following
addition of the compounds (Fig. 7C). As observed for Comp. A
and Comp. C, every SM compound that promoted cIAP1
autoubiquitylation and degradation also efficiently promoted
dimerization of the BUCR protein in vitro, although bivalent
Comp. F resulted in the most stable cIAP1 dimer (Fig. 7C).

Lastly, all the unrelated SMs also increased autoubiquityla-
tion in cell-based assays, but only the bivalent Comp. F stabi-
lized the RING dimer and allowed co-immunoprecipitation
(Fig. 7D). This parallels the results obtained using Comps. A
and C and suggests that all SM compounds promote RING
dimerization, and this is required for their mechanism of action
and subsequent therapeutic effects.

DISCUSSION

cIAP1 and cIAP2 are important components of the TNF
receptor signaling complex, and a functional RING domain is
required for TNF-induced activation of NF-«B (19, 31, 36).
Here we report that cIAP1 and cIAP2 require RING domain-
mediated dimerization for E3 ligase activity and that in the
absence of a stimulus cIAP1 is largely monomeric and inactive.
This suggests that molecules that promote dimer formation
activate the E3 ligase activity of cIAP1. Consistent with this, SM
compounds that promoted cIAP dimerization increased the E3
ligase activity of cIAP1. In contrast, cIAP2 formed a more stable
dimer and had higher intrinsic E3 ligase activity that was not
dramatically induced upon SM compound addition (Fig. 8).
Our results suggest that the N-terminal domains of cIAPs
inhibit RING dimerization to regulate the E3 ligase activity and
that IAP antagonists modulate this inhibition.

Using cIAP RING domain mutant proteins that can no lon-
ger dimerize, we show that E3 ligase activity correlated with
dimer formation and that monomeric IAPs had a significantly
reduced ability to promote ubiquitin release from UbcH5b.
Dimerization is used by many proteins to alter their activity,
and this has often been observed for RING domain E3 ligases
(2). For example, recent work shows that dimerization of
MDM2 and polyubiquitylation of its target p53 are inhibited by
phosphorylation (39). Dimerization of the RNF4 RING domain
is also required for E3 ligase activity (40), and only dimeric
RNF4 proteins can effectively complement yeast strains in
which the homologous proteins Rfp1 and Rfp2 have been inac-
tivated. The RING domains of MDM2, RNF4, and cIAPs form
similar dimers, suggesting that other C-terminal RING do-
mains, such as those found in caspase-associated RING pro-
teins and mind bomb proteins (41, 42), will also form compa-
rable dimers, and this might be important for controlling the E3
ligase activity of this class of RING domains. However, it
remains to be investigated whether dimerization of these pro-
teins is regulated in a manner similar to that observed for cIAP
proteins.

Although RING dimerization is essential for E3 ligase func-
tion, it is still not clear why. Structures of RING domains, even
dimeric RING domains, in complex with their cognate E2 indi-
cate that E2s bind to RING surfaces far from the dimer inter-
face; therefore, dimerization was not thought to be required for
E2 interaction (2). In contrast to this, our data suggest that
RING dimerization is required for interaction with the ubiqui-
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immunoprecipitation.

tin-charged E2 and that interaction of the E2~Ub thioester
intermediate with a RING domain dimer destabilizes the thio-
ester linkage. The nature of this change is uncertain, but it is
likely that interaction of the E2~Ub conjugate with the RING
dimer leads to rearrangements in the E2 that impact the stabil-
ity of the E2~UD thioester (or oxyester) bond so that catalysis
and attack by the target lysine residue is favored. An allosteric
mechanism of E2 activation by E3s has been proposed (6), and
interaction with the E3 is clearly important for discharge and
can lead to rearrangements near the active site of the E2 (7, 43).
However, further structural studies are required because the E2
does not undergo a significant structural change upon binding
to its cognate RING dimer (20, 44, 45). However, ubiquitin is
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not present in these structures. An important role for ubiquitin
is possible because structural analysis of E2s in the presence of
ubiquitin indicates that as well as interacting with surface-
exposed residues in the vicinity of the catalytic cysteine, conju-
gation with ubiquitin has an indirect effect on other residues
(46), and extended chains can form (47).

Notwithstanding the mechanistic details, it is clear that cIAP
RING domains can only promote ubiquitin transfer when the
RING domain simultaneously contacts its cognate E2 and
forms a RING homodimer. In this way, RING function is regu-
lated by a combination of a relatively indiscriminate E2 binding
event and a highly specific dimerization event, both of which
are relatively low affinity and transient. As a consequence, it is
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FIGURE 8. Model indicating key role of RING dimerization. A monomer-
dimer equilibrium is present for both clAP1 and cIAP2 although cIAP1 pre-
dominantly exists as a monomer, whereas clAP2 exists primarily as an active
dimer. clAP RING domain-mediated dimers must form before a productive
interaction with the E2~Ub conjugate can occur, and this interaction is
required for autoubiquitylation. Because clAP2 forms a stable dimer in the
absence of stimulus, the E2~Ub conjugate is more readily destabilized by
clAP2, and ubiquitin is efficiently transferred. When IAP antagonist com-
pounds are added, RING-mediated dimerization is favored for both clAP1
and clAP2, resulting in efficient E2~Ub recruitment and increased
autoubiquitylation.

likely that inappropriate ubiquitylation of proteins is dimin-
ished. The importance of modulating the rate of ubiquitin
transfer from the E2 was highlighted previously with Deshaies
and colleagues (48, 49) showing that for Cullin RING ligases the
dynamics of substrate-E3 and E3-E2 encounters ensure that
substrate proteins are either not ubiquitylated or are polyubiq-
uitylated and degraded.

The requirement for RING dimerization means that regulat-
ing protein self-association can control the E3 ligase activity of
cIAPs, especially cIAP1 (Fig. 8). The mechanism by which this
isachieved is uncertain, but a role for the BIR3 domain in inhib-
iting RING dimerization is suggested because the SM com-
pounds that bind to a surface-exposed pocket on this domain
promote dimerization, rapid autoubiquitylation, and degrada-
tion of cIAPs (17, 18, 38). Previous studies have concluded that
dimerization is not important for cIAP function because
monovalent SM compounds promote autoubiquitylation and
degradation (17). These studies assumed that compounds pro-
moted IAP dimerization only by cross-linking two IAPs via
their BIR domains, and because the monovalent compounds
could not mediate this interaction, they concluded that
dimerization was not essential. However, although bivalent
compounds are able to stabilize an IAP dimer, mutation of the
RING dimer interface results in substantially less IAP dimer in
vivo. The bivalent BIR binding compounds therefore promote
RING dimer formation but also trap this weak RING-RING
interaction in cells by interacting with the BIR3 domain from
the two molecules. Because structurally distinct monovalent
SMs are all able to activate cIAP E3 ligase activity, cross-linking
of BIRs is unlikely to be a significant element of IAP antagonist
function. The inability of longer cIAP1 constructs to form sta-
ble dimers suggests that the UBA, CARD, or BIR3 domain
restrains the RING domain in an inactive monomeric confor-
mation, and we propose that IAP antagonists promote a struc-
tural rearrangement that stabilizes RING dimerization. What-
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ever the mechanism, it is clear that the functional IAP dimer is
a RING-mediated dimer and that both monovalent and biva-
lent compounds are able to promote this modality.

For TNFR1 to activate p65/RelA NF-«B following TNF stim-
ulation, cIAP1 must interact with TRAFs and bear a RING
domain that is capable of forming dimers (36, 50). This suggests
that upon TNF stimulation cIAP1 is recruited to receptor com-
plexes by TRAF2, and cIAP1 dimerization is promoted.
Recently, it has been shown that the TRAF2 trimer only binds
to a single cIAP protein (51, 52); therefore, cIAP dimer forma-
tion is likely to require the interaction of cIAP molecules bound
to two TRAF2 trimers. Whether two separate TNFR1-TRADD
complexes recruit two TRAF2 trimers or whether the cIAP
RING dimer is sufficient to facilitate cIAP1/TRAF2 recruit-
ment without the involvement of another receptor is an inter-
esting question. If two TRAF2 trimers must be recruited by two
TNER1-TRADD complexes, then this suggests at least two
TNEF/TNEFRI1 receptors must be engaged and in close proximity
for TNFR1 signaling to occur. The stoichiometry of the TNF
receptor signaling complex is therefore uncertain; however, the
essential role for cIAP RING dimerization is clear because
unlike wild-type cIAP1 (31) the monomeric cIAP1 RING
mutant neither promotes RIPK1 ubiquitylation following TNF
receptor stimulation in cIAP1~/~ cIAP2™/~ cells nor does it
recover normal canonical NF-kB activation (19, 36).

Our results establish a critical role for RING dimerization in
cIAP-mediated ubiquitylation and show that efficient dis-
charge of ubiquitin from the E2 depends on interaction with a
RING domain dimer. RING dimerization is critical for the
action of the IAP antagonist compounds, and these studies sug-
gest that there might be other ways to promote cIAP dimeriza-
tion and degradation. This study also suggests that cIAP1 and
cIAP2 may have distinct roles with cIAP1 primarily targeted by
SM compounds. It also remains unclear how the balance
between substrate and autoubiquitylation by cIAPs is altered,
and it will be interesting to see, in a cellular context, whether
SM addition alters the nature of the complex formed.
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