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ML-IAP (melanoma inhibitor of apoptosis) is a potent anti-apop-
totic protein that is strongly up-regulated in melanoma and confers
protection against a variety of pro-apoptotic stimuli. The mech-
anism by which ML-IAP regulates apoptosis is unclear, although
weak inhibition of caspases 3 and 9 has been reported. Here, the
binding to and inhibition of caspase 9 by the single BIR (baculo-
virus IAP repeat) domain of ML-IAP has been investigated and
found to be significantly less potent than the ubiquitously ex-
pressed XIAP (X-linked IAP). Engineering of the ML-IAP-BIR
domain, based on comparisons with the third BIR domain of
XIAP, resulted in a chimeric BIR domain that binds to and in-
hibits caspase 9 significantly better than either ML-IAP-BIR or
XIAP-BIR3. Mutational analysis of the ML-IAP-BIR domain
demonstrated that similar enhancements in caspase 9 affinity can
be achieved with only three amino acid substitutions. However,
none of these modifications affected binding of the ML-IAP-BIR

domain to the IAP antagonist Smac (second mitochondrial activ-
ator of caspases). ML-IAP-BIR was found to bind mature Smac
with low nanomolar affinity, similar to that of XIAP-BIR2-
BIR3. Correspondingly, increased expression of ML-IAP results
in formation of a ML-IAP-Smac complex and disruption of the
endogenous interaction between XIAP and mature Smac. These
results suggest that ML-IAP might regulate apoptosis by seques-
tering Smac and preventing it from antagonizing XIAP-mediated
inhibition of caspases, rather than by direct inhibition of cas-
pases.

Key words: apoptosis, inhibitor of apoptosis (IAP), melanoma
inhibitor of apoptosis (ML-IAP), Smac/DIABLO (second mito-
chondrial activator of caspases/direct IAP binding protein with
low pl), X-linked IAP (XIAP).

INTRODUCTION

IAP (inhibitor of apoptosis) proteins are generally thought to sup-
press apoptosis due, in part, to their ability to bind to and in-
hibit activated caspases, cytosolic cysteine/aspartate-specific-
proteases, that are critical for the initiation and execution phases of
apoptosis [1,2]. AIl IAP proteins contain one to three copies of the
BIR (baculoviral IAP repeat) domain, a zinc-binding domain of
approx. 80 amino acids, that are necessary for their interactions
with a number of cytosolic target proteins, including activated
caspases 3, 7, and 9, and natural IAP protein antagonists, such
as Smac/DIABLO (second mitochondrial activator of caspases/
direct IAP binding protein with low pI) and HtrA2/Omi. Differ-
ent BIR domains, however, have differing affinities for these pro-
teins, and thus distinct functions in the regulation of apoptosis.
For instance, the second BIR domain of XIAP (X-linked IAP)
together with the immediately preceding linker region (XIAP-
BIR2) binds to and inhibits caspases 3 and 7 with inhibition
constants in the ranges of 1-10 and 0.1-2 nM, respectively [3-5],
whereas the third BIR domain of XIAP (XIAP-BIR3) specifically
inhibits caspase 9 with an inhibition constant in the range of 10—
20 nM [6-8]. By contrast, the single BIR domain of ML-IAP

(melanoma IAP) has been shown to inhibit weakly caspases 3
and 9, but not caspase 7, although inhibition constants have not
been reported [9].

The [AP-mediated inhibition of caspases can be countered
by the mammalian mitochondrial protein Smac/DIABLO, which
is released into the cytoplasm in response to pro-apoptotic stimuli
[10,11]. The pro-apoptotic function of this IAP protein antagonist
is dependent on a conserved 4-residue IAP protein-interaction
motif (A-V/I-P/A-I/F/Y) found at the N-terminus of the mature
post-translationally processed protein [12,13]. Structural studies
have shown that the N-terminal peptide binds to a surface groove
on the BIR domains, with the binding being stabilized by electro-
static interactions involving the conserved N-terminal alanine
residue of the peptide, together with several intermolecular
hydrogen bonds and hydrophobic interactions [8,14—17]. Smac/
DIABLO-derived peptides have been shown to sensitize a number
of different tumour cell lines to apoptosis induced by a variety of
pro-apoptotic drugs [18-22].

Recent structures of XIAP-BIR2 in complex with caspase 3 or
7, and XIAP-BIR3 in complex with caspase 9, have revealed
different mechanisms of caspase inhibition by these different
BIR domains. The linker region preceding the BIR2 domain of
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XIAP binds tightly to the active site of caspases 3 and 7, thereby
inhibiting the caspases by preventing substrate entry and catalysis
[5,23,24]. Interactions are also seen between the processed N-ter-
minus of the small subunit of caspase 3 and the peptide-binding
groove of XIAP-BIR2 [5], although the question of whether these
interactions are critical for caspase 3 binding or inhibition has yet
to be settled [4,25]. By contrast, the peptide-binding groove of
XIAP-BIR3 makes critical contacts with the N-terminus of the
small subunit of caspase 9 [26]. Additional interactions between
XIAP-BIR3 helices 3 and 5 and the caspase 9 homodimerization
interface inhibit the caspase by trapping it in a catalytically in-
active conformation [26]; activation of caspase 9 requires con-
formational changes that are induced by homodimerization
[27,28].

In the present work ML-IAP-BIR binding to and inhibition of
caspase 9 is investigated. In order to understand at a molecular
level the observation that ML-IAP is a less potent inhibitor of cas-
pase 9 than XIAP, a chimeric BIR domain was designed in which
11 residues correspond to those found in XIAP-BIR3, whereas
the remainder correspond to ML-IAP-BIR. The chimeric protein
binds to and inhibits caspase 9 significantly better than either of its
parent BIR domains, but binds Smac-based peptides and mature
Smac with affinities similar to those of native ML-IAP-BIR. Sub-
sequent mutagenesis of ML-IAP-BIR shows that similar enhance-
ment of affinity for caspase 9 can be achieved with just three
amino acid substitutions. Finally, ML-IAP-BIR was shown to bind
mature Smac with low nanomolar affinity similar to that of XIAP-
BIR2-BIR3, suggesting that the potent anti-apoptotic effect of
ML-IAP might be due to it antagonizing the XIAP-Smac inter-
action, rather than direct inhibition of caspase 9.

EXPERIMENTAL

Caspase 9, XIAP-BIR3, XIAP-BIR2-BIR3,
and ML-IAP-BIR production

ACARD (caspase recruitment domain) human caspase 9 (lacking
the first 138 residues) with alanine substitutions at residues 304—
306 was produced as described previously [27]. The third BIR
of XIAP (residues 241-348) was cloned into a pET15b vector
(Novagen) to generate petlSbXIAPBIR3 and prepared as de-
scribed previously [7]. Amino acids 124-356 of XIAP (desig-
nated XIAP-BIR2-BIR3) were cloned into a pET15b vector
(Novagen) to generate petlSbXIAPBIR2BIR3. QuikChange®
(Stratagene) mutagenesis was used to generate petlSbXIAPB-
IR2(C202AC213G)BIR3. ML-IAP-BIR (amino acids 63-179;
designated MLBIR) was also subcloned into a pET15b vector
(Novagen) for bacterial expression as described previously [15].
The above ML-IAP and XIAP mutants and deletions were also
subcloned into pcDNA3.1 vector with a C-terminal FLAG tag for
expression in mammalian cells. Plasmids expressing S-galacto-
sidase, Myc—ML-IAP and Smac-FLAG have been described pre-
viously [9,18].

Full-length ML-IAP production

The cDNA encoding full-length ML-IAP plus an N-terminal Hisq
tag was cloned into the pET15b(+) expression vector (Novagen).
ML-IAP was expressed in Escherichia coli strain BL21(DE3)-
pLysS. Expression of ML-IAP was induced with 0.5 mM IPTG
(isopropyl B-D-thiogalactoside) for 5 h when cells had reached a
Dy =0.5. The protein was purified by affinity chromatography
using chelating Sepharose (Pharmacia) charged with NiSO, ac-
cording to the manufacturer’s instructions. Eluted ML-IAP pro-
tein was >95% pure, as judged by SDS/PAGE. The protein
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concentration of purified proteins was determined from the A,g,
based on the molar absorption coefficients calculated from the
Edelhoch relationship [29].

Chimeric and mutant protein production

The petl5SbMLBIR vector used for production of wild-type
MLBIR was modified in a two-step PCR based approach to
generate MLXBIR3SG. Firstly, amino acids 160—179 of MLBIR
were replaced with amino acids 336-348 of XIAP-BIR3 to give
the plasmid pet]15SbMLXBIR3. Secondly, Ser'® of MLBIR was
mutated to glycine to give petlSbMLXBIR3SG. The petlSb-
MLBIR vector was also modified to produce a C-terminally
truncated version of MLBIR that has the same number of amino
acids as MLXBIR3 and MLXBIR3SG (designated MLBIR-Q).
An amino acid sequence alignment of the original ML-IAP-BIR
construct (MLBIR) and XIAP-BIR3, is shown in Figure 1(A);
the C-terminally truncated variant of MLBIR used in the present
work (MLBIR-Q) ends at residue GIn'’?. The chimeric variants
are illustrated schematically in Figure 1(B).

pet1SbMLBIRQ and pet1SbXIAPBIR3 were further mutated
in a two-step PCR approach which incorporated the desired
changes into internal PCR primers. The following double and
triple mutants were generated using this strategy: petlSb-
MLBIRQ-S150G-Q167H, pet1SbMLBIRQ-S150G-E168L, pet-
15SbMLBIRQ-Q167H-E168L, petl SbMLBIRQ-S150G-Q167H-
E168L and petlSbXIAPBIR3-G326S-H343Q-L344E. These
mutants are illustrated schematically in Figure 1(C).

One litre cultures of E. coli strain BL21(DE3) transformed
with pet1SbMLXBIR3SG were induced with 1 mM IPTG for 4 h
at 30°C in the presence of 50 M zinc acetate. Cells were pelleted
and resuspended in 50 ml/l Buffer A [SO0mM Tris (pH 8.0),
300 mM NacCl, 5 mM 2-mercaptoethanol, 0.5 mM PMSF, 2 mM
benzamidine] with 5 mM imidazole. Cells were homogenized,
microfluidized and centrifuged. Lysate was passed over Ni-NTA
(Ni*"-nitrilotriacetate)—agarose (Qiagen) and eluted in Buffer
A containing 300 mM imidazole. Finally, protein was passed
over a Superdex 75 gel filtration (Pharmacia) column in buffer
containing 50 mM Tris/HCI (pH 7.6), 200 mM NaCl, 5 mM DTT
(dithiothreitol), 0.5 mM PMSF, 2 mM benzamidine, 50 uM zinc
acetate. Protein was concentrated and stored at — 80 °C. Samples
of MLBIR-Q, MLXBIR3 and MLBIR-Q double and triple
mutants were prepared similarly.

Smac production

A PCR product containing amino acids 56—239 (precursor num-
bering) of Smac was cloned into the Xbal/Xhol sites of pet21b+
(Novagen), generating a C-terminal Hise-tag fusion protein.
Pet21bSMAC was transformed into E. coli strain BL21(DE3)
competent cells (Stratagene). Overnight cultures were diluted
1:100 and grown at 37°C in Luria—Bertani media with 50 pg/ml
carbenicillin to a D4y of 0.8 with vigorous shaking. IPTG was
added to a final concentration of 1 mM and cultures were grown
overnight at 16 °C. Cell pellets were resuspended in Buffer A with
5 mM imidazole and placed on ice for 30 min. Cells were homo-
genized, microfluidized and centrifuged at 26900 g for 45 min.
Supernatant was loaded on to a Ni-NTA-agarose column
(Qiagen), washed with 10 column volumes Buffer A with 10 mM
imidazole, and eluted with 10 column volumes Buffer A with
300 mM imidazole. Fractions containing Smac protein were
pooled, concentrated and loaded on to a Superdex 200 gel fil-
tration column (Pharmacia) equilibrated with 50 mM Tris/HCI
(pH 7.6), 300 mM NaCl, 0.5 mM PMSF, 2 mM benzamidine and
5mM DTT. Fractions containing Smac protein were pooled
and dialysed against 3 changes of buffer containing 50 mM
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Figure 1  Protein amino acid sequences and constructs

(A) Amino acid sequence alignment of MLBIR and XIAP-BIR3. The secondary structure of MLBIR is indicated above the sequence. Residues indicated with an asterisk are within 4 A of the Smac-based
peptide in the MLBIR-AVPIAQKSE complex structure [15]. Sequence identity between the wild-type ML-IAP construct and XIAP-BIR3 is indicated. MLBIR-Q corresponds to a seven residue C-terminal
truncation of MLBIR (i.e. the C-terminal residue of MLBIR-Q is GIn'?). The residues shown in bold italics in the sequence of XIAP-BIR3 are those that were exchanged into MLBIR-Q to produce
the chimeric constructs MLXBIR3 and MLXBIR3SG. (B) Schematic representation of the chimeric variants. Residues present in wild-type MLBIR-Q are grey, whereas those present in wild-type

XIAP-BIR3 are black. (C) Schematic representation of double and triple point mutants.

Tris/HCl (pH 7.6), 0.5 mM PMSF, 2 mM benzamidine and 5 mM
DTT. Dialysed sample was loaded on to a Q-Sepharose FF column
(Pharmacia) and eluted over a 10 column volume gradient from
zero to 1 M NaCl in buffer 50 mM Tris/HCI (pH 7.6), 0.5 mM
PMSF, 2 mM benzamidine and 5 mM DTT. MS confirmed that
the resulting Smac protein was equivalent to mature processed
Smac, in agreement with previous reports [30].

Cell culture, immunoprecipitations and apoptosis assays

HEK-293T cells and MCF7 human breast carcinoma cells were
cultured using standard procedures. Apoptosis assays and im-
munoprecipitations were performed as described previously
[9,18]. The primary antibodies used were anti-FLAG M2 (Sigma—
Aldrich), anti-Myc (Covance), anti-caspase 9 (Pharmingen), anti-
XIAP (BD Transduction Laboratories) and anti-Smac (ProSci
Incorporated).

Determination of caspase 9 inhibitory constants

Recombinant ACARD caspase 9 (300 nM final concentration in
the assay) was pre-activated in salt-free caspase buffer [20 mM
Pipes, 10 mM EDTA, 20 mM 2-mercaptoethanol, 0.1 % (w/v)
CHAPS and 10 % (w/v) sucrose, pH 7.2] for 15-30 min at 37 °C.
Following this, a range of inhibitor concentrations were pre-incu-
bated with the enzyme for 20 min at 37 °C. The assay was started
by the addition of Ac-LEHD-AFC (acetyl-Leu-Glu-His-Asp-
7-amido-4-fluoromethylcourmarin; 100 uM final concentration)
and measured kinetically for 30 min using an F,,,, Fluorescence
Plate Reader (Molecular Devices) at an excitation wavelength of
405 nm and an emission wavelength of 510 nm. Reaction mixtures
were thermostatically controlled at 37°C. The individual K;
values for the inhibitors [I] were determined from the uninhibited
substrate hydrolysis rate (v,) and the inhibited rates (v;), so that
a plot of (v,/v;) — 1 against [I] gives K;(app), the equilibrium
inhibition constant in the presence of substrate [31]. Alternatively,
K;(app) was determined using non-linear regression analysis of

vi/v, plotted against [I], the program GraphPad Prism 2.0, and
equation 1:

vi . [El+[]+Ki(app) —V{[E
Vo 2[E]

[I1+Ki(app)}* — 4[E][I]

ey

Peptide-hinding assays

Polarization experiments were performed on an Analyst HT 96-
384 (Molecular Devices). Samples for fluorescence polarization
affinity measurements were prepared by addition of 1:2 or 1:3
serial dilutions of MLBIR, MLBIR-Q, MLXBIR3, MLXBIR3SG,
XIAP-BIR3 or XIAP-BIR2-BIR3 in polarization buffer [5S0 mM
Tris/HCl (pH7.2), 120mM NaCl, 1% bovine globulins,
5 mM DTT and 0.05 % octylglucoside] to 5-carboxyfluorescein-
conjugated AVPFAKK (Hid-FAM), in the case of the ML con-
structs, or AVP-diphenylalanine-AKK (AVP-diPhe-FAM) in the
case of the XIAP constructs, at 5nM final concentration. The
reactions were read after an incubation time of 10-30 min at
room temperature with standard cut-off filters for the fluorescein
fluorophore  (Aexcitation =485 NM;  Aemission =330 nm) in 96-well
black HE96 plates (Molecular Devices). Fluorescence polariz-
ation values were plotted as a function of the protein concen-
tration, and the ECs, values were obtained by fitting the data to
a 4-parameter equation using Kaleidagraph software (Synergy
software, Reading, PA, U.S.A.). The apparent K, values were
determined from the EC;s, values.

Competition experiments were performed by addition of the
ML-IAP-BIR, BIR chimera constructs or XIAP-BIR2-BIR3 at
0.2 uM or XIAP-BIR3 protein at 0.5 uM to wells containing
5 nM of the Hid-FAM or AVP-diPhe-FAM probes, as well as 1:3
serial dilutions of the Smac-9mer peptide (AVPIAQKSE) or ma-
ture Smac protein antagonists in the polarization buffer. Samples
were read after a 10—30 min incubation. Fluorescence polarization
values were plotted as a function of the antagonist concentration,
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and the ICs, values were obtained by fitting the data to a 4-para-
meter equation using Kaleidagraph software (Synergy Software).
Inhibition constants (K;) for the antagonists were determined from
the 1Cy, values [32].

SPR (surface plasmon resonance) measurements

All SPR measurements were performed at room temperature
using an Applied Biosystems 8500 Analyzer. Smac, MLBIR,
MLBIR3SG and XIAP-BIR2-BIR3 were each printed on to a
bare gold surface in triplicate, at concentrations of 500, 250, 125,
62.5 and 31 pg/ml, using a Genomics Solutions GeneMachine
Omnigrid Microspotter. BSA (100 pg/ml) and PBS were also
spotted on to the chip surface as controls. The chip was exposed
to 1 mM thiolated poly(ethylene glycol) methoxyl ether (2 kDa)
in 8500 Running Buffer [10 mM sodium phosphate (pH 7.4),
138 mM NacCl, 2.7 mM KCl, 0.05% Tween-20] for 35 min. To
collect kinetic data, the chip was equilibrated using 8500 Run-
ning Buffer for 2 h, exposed to 10 nM Smac in running buffer
containing 0.5 mM DTT for 30 min to measure k,,, and 8500 Run-
ning Buffer for 2 h to measure k. All flow rates were 200 wl/min.
All data were reference corrected and fit globally, with a mass
transport correction, to a 1:1 interaction model using Applied
Biosystems Data Analysis software package version 1.0.

MLXBIR3SG complex crystallization

Purified MLXBIR3SG protein (20-25 mg/ml) was mixed with
synthetic peptide (AVPW or AVPIAQKSE) in a 1:2 protein/pep-
tide ratio. Peptides were reconstituted from freeze-dried powder in
10 mM Mes, pH 5.5; final peptide concentration (20 or 30 mg/ml)
was verified by A,g in the case of AVPW and estimated from
dry mass in the case of AVPIAQKSE. The MLXBIR3SG—peptide
complexes were mixed with crystallization well solution [ 100 mM
Bistris, pH 6, 200 mM lithium sulphate, 20-25% (w/v) poly-
(ethylene glycol) 3350] inaratio of 1 ul of protein complex to 1 ul
of well solution. Hanging or sitting drops of the mixed solutions
were then allowed to equilibrate by vapour diffusion against a
reservoir of the well solution. Tetragonal bipyramidal crystals
typically appeared in a few days, and grew to full size (typically
0.1-0.2 mm long) in a week.

MLXBIR3SG X-ray data collection and structure determination

The dataset for the AVPIAQKSE complex was collected at the
Cornell High Energy Synchrotron Source. Data statistics are listed
in Table 1. The starting model for refinement of the structure was
derived from a crystal in which the AVPW peptide had been ex-
changed by soaking with a peptidomimetic antagonist; this struc-
ture was solved by molecular replacement using the wild-type
ML-IAP-BIR structure [PDB (Protein Data Bank) code 10XN]
as a search model and refined to 1.3 A (1 A=0.1 nm) using
Refmac5 [33]. The R-factor and free R-factor of this high-
resolution structure are 0.142 and 0.151 respectively; details of
this structure determination will be published elsewhere.

The high-resolution structure, stripped of the peptidomimetic
and all water molecules within 10 A of it, was refined against the
AVPIAQKSE dataset (using the same cross-validation test set as
the high-resolution structure), and the peptide placed into clear
difference density visible in an Fo — Fc map. Additional cycles
of positional, anisotropic B-factor and translation-libration-screw
(TLS) refinement using Refmac5, and automated water addition
and removal using the program Arp/wArp [34], yielded the final
structure for which statistics are reported in Table 1. No manual
rebuilding of the MLXBIR3SG protein was necessary as com-
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Table 1

Numbers in parentheses are for the highest resolution shell.

X-ray data collection and refinement statistics

Parameter Value

Antagonist AVPIAQKSE

Resolution (£) 50-1.7 (1.77-1.71)

Unique reflections 31742 (2793)

Roym* 0.115 (0.664)

o (l) 214(22)

Redundancy 12.0(7.2)

Rerystt 0.213

Rirest . 0.250

Bond RMSD (A) 0.011

Angle RMSD (°) 1.2
*Rym=Z|I— (D/Z1.

i Hcryst = E||":abs| - ‘Fca\c”/leabsl-
¥ Riee = Ruyst for @ random 5 % of reflections.

pared with the high-resolution peptidomimetic complex. The first
four residues of the AVPIAQKSE peptide are clearly visible, and
weak electron density suggests the positions of residues 5 and 6.

RESULTS AND DISCUSSION
ML-IAP inhibits caspase 9 activity less potently than XIAP

To investigate the interactions of ML-IAP and XIAP with cas-
pase 9, apparent inhibition constants for full-length ML-IAP,
MLBIR-Q (ML-IAP residues 63—-172), and XIAP-BIR3 were
determined. The caspase 9 inhibition constant [K;(app)] for XIAP-
BIR3 was found to be 13 nM, in agreement with previous reports
[7,8]. By contrast, the K;(app) values for the ML-IAP constructs
were found to be 250-350-fold weaker (Table 2). In order to
understand at a molecular level why ML-IAP is a less potent in-
hibitor of caspase 9 than XIAP a chimeric ML-IAP/XIAP-BIR
domain was designed, on the basis of existing structural and
functional data, that might have affinity for processed caspase 9
similar to that of XIAP-BIR3, while retaining the peptide- and
Smac-binding characteristics of native ML-IAP.

Chimera construction

Previous structure and mutagenesis analysis of XIAP-BIR3 re-
vealed that the binding sites for Smac and caspase 9 are over-
lapping but notidentical [7,8,14]. For instance, the three mutations
W310A (Trp*'® — Ala), E314S and H343A were each shown to
abolish inhibition of caspase 9 activity [7], suggesting that these
residues may directly contact caspase 9, whereas only two of
these three mutations (W310A and E314S) significantly reduced
binding to a fluorescein-labelled Smac peptide [8]. Subsequent
structures of XIAP-BIR3 in complex with Smac or a Smac-based
peptide showed that XIAP residues Trp*'® and Glu*"* form part
of the peptide-binding site, whereas His** is located at the C-ter-
minal end of the fifth «-helix and is remote from the peptide-
binding site [8,14]. Consistent with this, the H343A mutant binds
the Smac-based peptide with wild-type affinity [8].

Comparison of the amino acid sequences of MLBIR and XIAP-
BIR3 shows that the region of least sequence identity (for the
structured portions of these BIR domains; residues Gly”*—Ser!”!
for ML-IAP) corresponds to the fifth a-helix that includes His**
of XIAP (Figure 1). By contrast, residues that define the Smac-
peptide-binding site are highly conserved between the two BIR
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Table 2 Caspase 9 inhibition and peptide binding affinity of BIR domains

Protein Caspase 9 inhibition K;(app) («M)  Fluorescence polarization probe Ky («M) ~ Smac 9-mer K; (uM)  Smac K; (M)
MLBIR 32" 0.021+ 0.20 0.026
MLBIR-Q 45 0.0201 0.35 0.054
MLXBIR3 0.96 0.021+
MLXBIR3SG «0.010 0.030F 0.34 0.059
MLBIR-Q(S150G/Q167H) 2.1
MLBIR-Q(Q167H/E168L) 24
MLBIR-Q(S150G/E168L) 0.04
MLBIR-Q(S150G/Q167H/E168L)  «0.010
XIAP-BIR3 0.013 0.051% 0.67 0.26
XIAP-BIR2-BIR3 0.030% 0.85 0.021
* Ki(app) for full-length ML-IAP.
+ Hid-FAM fluorescence polarization probe.
I AVP-diPhe-FAM fluorescence polarization probe.
domains. Inspection of the respective three-dimensional structures Flag-tagged Flag-tagged
of MLBIR and XIAP-BIR3 indicates that the structures, including 3 ¢
the peptide-binding sites, are very similar [15]. In particular, the A Flag-tagged B uw C 3
packing of helix-5 to the BIR domains is similar, despite the lack o 2 % 2 g . §
of sequence conservation. - & é z N o E g E g z z
This analysis suggested that helix-5 of XIAP-BIR3 might con-  caspases 55558 $568gs 248
tain, in addition to His*?, other determinants of caspase 9 binding f_ = .2_ ia: 2 > : S - 2x0
specificity. To ascertain if the approx. 300-fold lower potency for Casp8 P35 — |— — R v IP: aFlag
inhibition of caspase 9 activity by ML-IAP relative to XIAP ’ . | Waatmoued

(Table 2) is due to residues in helix-5 that differ between the two
proteins, a chimeric protein construct was made in which residues
160-172 of MLBIR-Q were replaced with residues 336—348 of
XIAP-BIR3 (Figure 1B). This construct, MLXBIR3, is approx.
5-fold better at inhibiting caspase 9 than the wild-type MLBIR-Q
construct, but is still approx. 70-fold less potent than XIAP-BIR3
(Table 2), suggesting that there are other important caspase 9 bind-
ing determinants specific to XIAP-BIR3 outside of helix-5.
Indeed, the recent crystal structure of the complex between
XIAP-BIR3 and caspase 9 [26] revealed that in addition to re-
sidues from helix-5 and the peptide-binding site, residues from the
C-terminal end of helix-3 and the immediately following loop in
XIAP also contact caspase 9. Of the important contacts identified
in this region of XIAP-BIR3, Gly** is not conserved in ML-IAP
(the corresponding residue being Ser'*’). Mutation of this glycine
residue to glutamate in XIAP-BIR3 resulted in a loss of caspase 9
inhibition, presumably due to the introduction of a steric clash at
the XIAP—caspase 9 interface [26]. To determine if the side chain
of Ser'” is interfering with the binding of MLXBIR3 to caspase 9,
the S150G mutation was introduced into MLXBIR3 (Fig-
ure 1B). This construct, MLXBIR3SG, was found to inhibit cas-
pase 9 withaK;(app) too low to measure accurately (< 10 nM), and
is thus a more potent caspase 9 inhibitor than either XIAP-BIR3
[Ki(app) = 13 nM] or ML-IAP [K;(app) = 3-5 uM] (Table 2).

Caspase 9 binding

To better understand the mechanism by which the MLXBIR3
and MLXBIR3SG chimeric proteins inhibit caspase 9, binding to
caspase 9 in cells was investigated. When over-expressed, caspase
9 undergoes autocatalytic processing and it is the processed form
that interacts with the XIAP and ML-IAP-BIR domains [13].
Accordingly, MLBIR and XIAP-BIR3 co-immunoprecipitate pro-
cessed caspase 9, but not its zymogen precursor. Western blot-
ting revealed that MLXBIR3SG is significantly more efficient
in binding caspase 9 than wild-type MLBIR or MLXBIR3 (Fig-
ure 2A). By contrast, the caspase 9 binding efficiency of MLX-
BIR3SG appears to be similar to that of XIAP-BIR3.

Caspase-9 —b ||
Casp-9 P35 —» |k

BiRs —» F—

Figure 2 Caspase 9 binding by BIR domain constructs

HIE

W: aCaspase-9

-—iy| WV Flag

293T cells were transiently transfected with caspase 9 (Casp-9) and FLAG-tagged BIR domain
proteins or vector. After 40 h, cells were lysed in Nonidet P40 lysis buffer (120 mM Tris/HCI,
150 mM NaCl, 1% Nonidet P40, 1mM DTT and protease inhibitor cocktail) and lysates
immunoprecipitated (IP) with anti-FLAG antibody. Samples were then immunoblotted (W) with
anti-caspase 9 and anti-FLAG antibodies. (A) Comparison of chimeric proteins MLXBIR3 and
MLXBIR3SG with wild-type MLBIR and XIAP-BIR3. (B) Comparison of double and triple mu-
tant MLBIR-Q constructs with wild-type MLBIR. (G) Comparison of XIAP-BIR3 triple mutant
with wild-type XIAP-BIR3.

Anti-apoptotic effect of MLXBIR3SG

To determine if the MLXBIR3 and MLXBIR3SG chimeric pro-
teins can block doxorubicin-induced apoptosis, the BIR domain
proteins were transiently expressed in MCF-7 cells, and the cells
were subsequently treated with the indicated cytotoxic agent.
Assessment of apoptosis revealed that MLXBIR3SG was signi-
ficantly more efficient in inhibiting doxorubicin-induced apop-
tosis than wild-type MLBIR or MLXBIR3 (Figure 3).

Smac binding

The more efficient inhibition of apoptosis by MLXBIR3SG, re-
lative to wild-type MLBIR, could be due to the improved binding
and inhibition of caspase 9. Alternatively, since IAP antagonism
is required for apoptosis to proceed [25,35,36], loss of the
ability of the chimeric construct to bind to the natural IAP-
antagonists, such as Smac, might also contribute to the observed
increase in inhibition of apoptosis. However, co-expression of
Smac with MLBIR, MLXBIR3, MLXBIR3SG or XIAP-BIR3

© 2005 Biochemical Society
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Figure 3 Anti-apoptotic effect of BIR domain constructs

MCF7 cells were transiently transfected with the reporter plasmid pCMV-Bgal and either
vector control alone or BIR domain constructs. Following transfection, cells were exposed to
doxorubicin (adriamycin; 0.5 reg/ml), stained with X-gal and apoptosis assessed by counting
live and dead transfected cells. The percentage apoptosis represents the mean + S.D. for at least
four sample points and is representative of three independent experiments. Asterisks designate
that the difference between these two values is statistically significant (P < 0.05). The relative
transfection levels were evaluated by immunoblotting with anti-FLAG antibody.

demonstrated that association of the four IAP constructs with the
processed mature form of Smac occurred with similar efficiencies
(Figure 4A).

To provide a more quantitative measure of Smac binding to the
various BIR constructs, a fluorescence polarization-based com-
petition assay was developed using a 5-carboxyfluorescein-label-
led peptide probe based on the N-terminus of the Drosophila
IAP antagonist Hid (Hid-FAM). The binding affinities of the Hid-
FAM probe to the chimeric BIR constructs (determined directly
by fluorescence polarization) are similar to those determined for
binding to the wild-type ML-IAP constructs (20-30 nM; Table 2),
indicating that the chimeric substitutions have not perturbed signi-
ficantly the peptide-binding site of ML-IAP-BIR. Similarly, the K;
values for MLXBIR3 and MLXBIR3SG are essentially the same
as those for MLBIR or the slightly shorter MLBIR-Q, whether the
competitor is mature Smac protein or a 9-mer peptide correspond-
ing to the mature Smac N-terminus (AVPIAQKSE) (Table 2).
These data indicate that the peptide-binding sites on the chimeric
BIR domains are identical to that of wild-type ML-IAP. Therefore,
the increased efficiency of inhibition of apoptosis observed for
MLXBIR3SG relative to MLBIR can be attributed to its improved
binding to and inhibition of caspase 9.

The affinities of the ML-IAP and chimeric constructs for mature
Smac (K; =0.026-0.059 uM) are significantly greater than the
corresponding affinities for the Smac-based 9-mer peptide (K; =
0.20-0.35 uM) (Table 2). By contrast, previous reports have
shown that XIAP-BIR3 binds the Smac-based peptide and mature
Smac with similar affinities (K; = 0.4-0.8 uM) [8,37], consistent
with the present study (Table 2). Significantly higher affinity bind-
ing to mature Smac was reported recently, however, for an XIAP
construct containing both BIR2 and BIR3 domains [38]. In the
fluorescence polarization-based competition assay the XIAP-
BIR2-BIR3 construct binds mature Smac with essentially the
same affinity as MLBIR (Table 2). In these cases, however, the re-
ported K; values should be considered as lower limits, because
they are comparable with the K, determined for the Hid-FAM
probe. For this reason, the binding of MLBIR, MLXBIR3SG and
XIAP-BIR2-BIR3 to mature Smac was investigated further using
SPR methods.

The SPR measurements show that Smac binds to MLBIR,
MLXBIR3SG and XTAP-BIR2-BIR3 with similar high affinities
(Table 3). The K, of 0.77 nM obtained for Smac binding to XIAP-
BIR2-BIR3 is consistent with the previously reported affinity for
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Figure 4 Binding of ML-IAP, XIAP and their chimeric proteins to Smac

(A) MLXBIR3 and MLXBIR3SG chimeric proteins interact with mature Smac. HEK-293T cells
were transiently transfected with FLAG-tagged Smac and Myc-tagged BIR domain proteins
or vector control. After 40 h, cells were lysed in Nonidet P40 lysis buffer (120 mM Tris/HCI,
150 mM NaCl, 1% Nonidet P40, 1 mM DTT and protease inhibitor cocktail) and lysates were
immunoprecipitated (IP) with anti-Myc antibody. Samples were then immunoblotted (W) with
anti-FLAG and anti-Myc antibodies. FL-SMAC designates full-length Smac protein, and SMAC
designates the mature processed protein that is produced as a result of overexpression [18].
(B) Qver-expression of ML-IAP diminishes the XIAP—Smac interaction. HEK-293T cells were
transiently transfected with vector control (=) or increasing amounts of Myc—ML-IAP (1 wg
and 4 .g) and treated 20 h later with 1.5 z.g/ml of doxorubicin. Cells were lysed 40 h following
transfection in Nonidet P40 lysis buffer and lysates were immunoprecipitated with control
anti-FLAG (ct) or anti-XIAP (X) antibodies. Samples were then centrifuged, and the supernatant
re-immunoprecipitated with anti-Myc antibody (2nd IP). Following extensive washing with lysis
buffer, immunoprecipitates and portions of total cell lysates were subjected to SDS/PAGE and
immunoblotted with anti-Smac, anti-XIAP and anti-Myc antibodies.

Table 3 SPR kinetic parameters for Smac binding to selected BIR domains

Protein Kon (M~ - s71) ko (s7") Ky (M)
MLBIR 418 x 10° 7.63x10~* 1.89
MLXBIR3SG 4.20 x 10° 8.16 x 10~* 1.94
XIAP-BIR2-BIR3 3.26 x 10° 252 %10~ 0.77

this interaction [38]. The approx. 100-fold increase in the affinity
of MLBIR and MLXBIR3SG for the mature Smac protein relative
to the Smac-based 9-mer peptide suggests that additional protein—
protein contact sites exist on the ML-IAP-BIR domain outside of
the already characterized peptide-binding site.

Since MLBIR and XIAP-BIR2-BIR3 bind Smac with similar
affinities, the possibility that ML-IAP would compete with the
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Figure 5 Crystal structure of the MLXBIR3SG-peptide complex

(A) Schematic representation of the crystal structure of MLXBIR3SG in complex with the AVPIAQKSE peptide. The protein is shown in ribbon representation and the first four residues of the bound
peptide are depicted in stick form, coloured by atom type; the bound zinc atom is shown as a sphere. Major secondary structure elements of the protein are labelled. The chimeric portions of the
protein (Gly™° and helix-5) are coloured red. (B) The structure of wild-type MLBIR bound to the AVPIAQKSE peptide (PDB code 10XQ; [15]) is shown in the same orientation as (A). (C) The structure
of XIAP-BIR3 bound to Smac (PDB code 1G73; [14]) is shown in the same orientation as (A). Only the first four residues of Smac are depicted, in stick form. (D) Stereoview of the superposition of
the peptide-binding sites of wild-type MLBIR and the chimeric protein MLXBIR3SG. The backbone of the MLXBIR3SG chimera is shown in a ribbon representation. Side chains of MLXBIR3SG and
wild-type MLBIR that are within 3.8 A of the peptide are shown in stick representation, as is the AVPI portion of the AVPIAQKSE peptide from both complexes. The MLXBIR3SG—AVPIAQKSE complex
is coloured as in (A), whereas the wild-type MLBIR complex is coloured blue and depicted with thinner sticks.

XIAP-Smac interaction was investigated. To that end an ML-IAP-
expressing plasmid was transiently transfected into HEK-293T
cells, and the cells were treated with doxorubicin in order to activ-
ate apoptosis and consequently process endogenous full-length
Smac to its mature form. In the absence of ML-IAP, a strong inter-
action between endogenous XIAP and mature Smac was observed
(Figure 4B). However, with increasing expression of ML-IAP,
the XIAP-Smac association was reduced significantly, and a
new complex of ML-IAP and Smac was detected after a second
round of immunoprecipitations (Figure 4B). Therefore, over-ex-
pression of ML-IAP can reduce the XIAP-Smac interaction by
competing directly with XIAP binding to Smac.

Structure of MLXBIR3SG—peptide complex

To gain a more detailed understanding of the similarities and
differences between wild-type and chimeric ML-IAP constructs,
the MLXBIR3SG protein was crystallized in complex with the
Smac 9-mer peptide. The two copies of the protein—peptide com-
plex in the asymmetric unit of this crystal are very similar to one
another, with an all-atom RMSD (root mean square deviation) of
1.4 A (Ca RMSD 0.7 A), excluding residues 100—101 that adopt
different conformations in the two copies due to crystal packing.
Residues 78-167 of MLXBIR3SG copy A and 78—172 of copy B
are well ordered and visible in electron density maps; however, as

observed for wild-type MLBIR [15], only the first four residues
(AVP]) of the Smac-based 9-mer peptide are well ordered.

The structure of the MLXBIR3SG chimeric protein (Figure SA)
is essentially identical with that of wild-type MLBIR (Fig-
ure 5B), with a Ca RMSD of 0.6 A excluding residues 100—-101.
The peptide-binding region of MLBIR is unaffected by the chi-
mera substitutions (Figure 5D): no atom of the chimeric residues
is closer than 10 A to the bound peptide. As would be expected,
given the similarity of the peptide-binding site, the all-heavy-
atom RMSD between the same peptide (AVPIAQKSE) bound to
the two different proteins is less than 0.2 A.

Like wild-type MLBIR, the MLXBIR3SG chimera closely
resembles other BIR domains, in particular XIAP-BIR3 (Fig-
ure 5C), which can be superposed on MLXBIR3SG with a Co
RMSD of 0.5 A (chain C of PDB code 1G73 versus chain A of the
MLXBIR3SG structure, again excluding residues 100-101).
The chimeric XIAP residues in MLXBIR3SG adopt the same side
chain conformations as they do in XIAP-BIR3. Three of these
residues make up the majority of the interface with the rest of
the BIR domain; the MLXBIR3SG chimeric substitutions for
these residues (F162Y, V1631, V166I) add only three heavy atoms
at the periphery of the interface, none of which affect packing
of this helix. Thus helix-5 of MLXBIR3SG looks like the cor-
responding helix of XIAP-BIR3, but packs with the rest of the
domain exactly like the equivalent helix in wild-type MLBIR.

© 2005 Biochemical Society
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Figure 6 XIAP-BIR3—caspase 9 interface

The structure of the XIAP-BIR3—caspase 9 complex (PDB code 1NW9; [26]) is shown; the
backbone of XIAP-BIR3 is shown in ribbon representation (coloured gold) and selected side
chains are shown in stick form (coloured by atom type, with gold carbons). Caspase 9 is shown
as a molecular surface, except for the N-terminal peptide binding XIAP-BIR3; the first four
residues of this peptide are shown in stick form (coloured by atom type, with pink carbons).
Selected side chains from a superposed structure of wild-type MLBIR are shown in stick form
(coloured by atom type, with blue carbons). Amino acid labels correspond to XIAP/ML-IAP
residues. The side chain conformations of the ML-IAP residues GIn'™®" and Glu'®® have been
adjusted to mimic the conformations of the equivalent XIAP residues.

Three substitutions are required to enhance ML-IAP
affinity for caspase 9

Subsequent superposition of the structures of MLBIR and
MLXBIR3SG on the structure of XIAP-BIR3 in complex with
caspase 9 [26] indicated that improved MLBIR affinity for cas-
pase 9 might be achieved with fewer amino acid substitutions
(Figure 6). In particular, interactions observed between GIn** of
caspase 9 and XIAP residues Glu*’ and Asn** could be achieved
adequately using the corresponding ML-IAP residues Asp'®!
and His'* respectively. By contrast, the interactions between the
side chain of XIAP residue Leu** and a hydrophobic pocket on
caspase 9 could not be substituted effectively by the negatively
charged ML-IAP residue, Glu'®. As discussed above, ML-IAP
residue Ser' is a poor substitute for XIAP residue Gly** due to
steric clash; substitution of XIAP residue His*** with ML-IAP
residue GIn'” might also be expected to disrupt the interface.

In order to test the hypothesis that ML-IAP might be converted
to a high-affinity caspase 9 inhibitor with fewer substitutions than
in the chimeric protein MLXBIR3SG, three double and one triple
mutant of MLBIR-Q were constructed in which two or three of
the residues Ser'’, GIn'® or Glu'® were substituted with the cor-
responding XIAP residues, glycine, histidine or leucine respect-
ively (i.e. four constructs containing the following mutations were
made: S150G/Q167H, S150G/E168L, Q167H/E168L, S150G/
Q167H/E168L). Apparent caspase 9 inhibition constants for these
mutants (Table 2) are in good qualitative agreement with their re-
lative caspase 9 binding efficiencies, as determined by co-im-
munoprecipitation (Figure 2B). As found for the chimeric protein
MLXBIR3SG, the triple mutant, MLBIR-Q(S150G/Q167H/
E168L), has an apparent K that is too low to measure accurately

© 2005 Biochemical Society

(« 10 nM), supporting the hypothesis that these three residues are
responsible for ML-IAP being a significantly weaker inhibitor of
caspase 9 than XIAP-BIR3. Of the double mutants, S150G/E168L
shows the greatest improvement relative to wild-type ML-IAP
(approx. 100-fold), suggesting that these two residues are more
important than GIn'®’ in disrupting the MLBIR-Q—caspase 9 inter-
face. If either of these residues are retained as wild-type, as in the
double mutants S150G/Q167H or Q167H/E168L, the apparent
affinity for caspase 9 is reduced by approx. 50-fold relative to
the S150G/E168L double mutant, and by > 200-fold relative to the
triple mutant. GIn'®’, however, clearly also contributes negatively
to the MLBIR-Q—caspase 9 interaction, since inclusion of the
Q167H mutation in the triple mutant results in a significant im-
provement in binding relative to the S150G/E168L double mutant.

As might be expected based on the above results, mutation of
the corresponding XIAP-BIR3 residues Gly***, His*** and Leu**
to their ML-IAP counterpart residues, serine, glutamate and gluta-
mine respectively, significantly reduces caspase 9 binding ef-
ficiency of XIAP-BIR3 (Figure 2C).

Conclusion

ML-IAP is a potent anti-apoptotic protein that is up-regulated in
most melanoma cell lines tested [9,39-41] and appears to con-
tribute to the chemoresistance of this disease [42]. The mechanism
by which ML-IAP regulates apoptosis is not clear, although di-
rect inhibition of caspases 3 and 9 has been reported [9,40].
ML-IAP inhibition of caspase 3 was reported to be comparable
with that by c-IAP1 (cellular IAP1) (K;, approx. 100 nM) [9,43],
and is thus approx. 10—100-fold weaker than inhibition by XIAP
[3-5]. In the present study ML-IAP is found to be an even less
potent inhibitor of caspase 9 (K;=3-5 uM; approx. 300-fold
weaker than XIAP), suggesting that endogenous levels of ML-IAP
will have little direct effect on caspase 9 activity.

Construction of chimeric and mutant proteins has established
that three amino acids in the single BIR domain of ML-IAP
(Ser™™, GIn'®” and Glu'%®) are responsible for its reduced caspase 9
affinity and inhibition relative to XIAP-BIR3. The corresponding
residues of XIAP-BIR3 (Gly**, His*** and Leu**) were identified
previously as being critical for the interaction between XIAP
and the homodimerization interface of caspase 9, and are con-
sequently important for XIAP-mediated inhibition of caspase
9 [26]. Interestingly, the chimeric protein, MLXBIR3SG, and
the triple mutant, MLBIR-Q(S150G/Q167H/E168L), both inhibit
caspase 9 more efficiently than native XIAP-BIR3; reasons for
this observation are not immediately apparent.

Given that inhibition of caspases is unlikely to be the primary
mechanism by which ML-IAP regulates apoptosis, the binding of
ML-IAP-BIR to mature Smac was investigated. The single BIR
domain of ML-IAP was found to bind mature Smac considerably
tighter than expected based on its affinity for the Smac-based
N-terminal 9-mer peptide (Tables 2 and 3), suggesting that there
are Smac contacts on the BIR domain outside the peptide-binding
site. By contrast, XIAP requires both its second and third BIR do-
mains to achieve comparable high-affinity binding to mature
Smac [38] (Tables 2 and 3). ML-IAP binding to Smac competes
directly with XIAP binding, since both IAP proteins have critical
interactions with the N-terminal four residues of the processed
IAP protein antagonist [8,14,15].

When ML-IAP is up-regulated in melanoma and other cancer
cells its high-affinity interaction with Smac will effectively com-
pete with the XIAP-Smac interaction, thereby precluding Smac
from antagonizing XIAP-mediated inhibition of caspases. In
a similar fashion, baculoviral Op-IAP (where Op is Orgyia
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pseudotsugata nuclear polyhedrosis virus) does not inhibit Droso-
phila caspase activity, but rather binds the Drosophila IAP protein
antagonists, Reaper, Hid and Grim, and prevents these pro-apop-
totic proteins from blocking the suppression of caspase activity by
the insect cellular IAP proteins [44—48]; more recently, Op-IAP
was also found to bind efficiently to Smac/DIABLO, thereby
preventing Smac-mediated inhibition of mammalian IAPs [49].
By sequestering Smac, ML-IAP can block apoptosis despite it
being a relatively weak caspase inhibitor. Thus ML-IAP ex-
pression in cancer cells leads to increased resistance to chemo-
therapeutic agents, because it contributes to caspase inhibition,
primarily by blocking the ability of Smac to disrupt XIAP-
caspase interactions.
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