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Structures of BIR domains from human NAIP and

clAP2

The inhibitor of apoptosis (IAP) family of proteins contains key modulators of
apoptosis and inflammation that interact with caspases through baculovirus
IAP-repeat (BIR) domains. Overexpression of IAP proteins frequently occurs
in cancer cells, thus counteracting the activated apoptotic program. The IAP
proteins have therefore emerged as promising targets for cancer therapy. In this
work, X-ray crystallography was used to determine the first structures of BIR
domains from human NAIP and cIAP2. Both structures harbour an N-terminal
tetrapeptide in the conserved peptide-binding groove. The structures reveal that
these two proteins bind the tetrapeptides in a similar mode as do other BIR
domains. Detailed interactions are described for the P1'-P4’ side chains of the
peptide, providing a structural basis for peptide-specific recognition. An
arginine side chain in the P3’ position reveals favourable interactions with its
hydrophobic moiety in the binding pocket, while hydrophobic residues in the P2’
and P4’ pockets make similar interactions to those seen in other BIR domain—
peptide complexes. The structures also reveal how a serine in the P1’ position is
accommodated in the binding pockets of NAIP and cIAP2. In addition to
shedding light on the specificity determinants of these two proteins, the
structures should now also provide a framework for future structure-based work
targeting these proteins.

1. Introduction

The inhibitor of apoptosis (IAP) protein family plays a central role in
apoptosis and inflammatory processes, conferring protection against
cellular death. IAP proteins are modular and are characterized by the
presence of one or more baculovirus IAP-repeats (BIR) domains.
The BIR domain is a zinc-binding fold of approximately 70 residues
that is essential for the anti-apoptotic properties of the IAPs. Eight
members of the human IAP family have been identified and are
equipped with either one BIR domain or a tandem repeat of three
BIR domains (Salvesen & Duckett, 2002; Liston et al., 2003). The
most well studied member of the IAP family, X-linked IAP (XIAP),
contains three BIR domains in tandem at the amino-terminus. XIAP
binds and inhibits caspase 3 and 7 through the BIR2 domain and
caspase 9 through the BIR3 domain (Deveraux et al., 1999; Riedl et
al., 2001; Chai et al., 2001; Shiozaki et al., 2003; Scott et al., 2005).
These interactions are partly mediated by a surface groove on the
BIR domain that binds amino-terminal tetrapeptides called IAP-
binding motifs (IBMs). IBM sequences are displayed by caspase 3, 7
and 9 following proteolytic activation (Fuentes-Prior & Salvesen,
2004). The activity of IAPs is negatively regulated by several proteins,
one of which is the secondary mitochondria-derived activator of
caspases (Smac/DIABLO; Du et al., 2000) that is released from the
mitochondrial periplasmic space along with cytochrome c in response
to apoptotic stimuli. After processing in the mitochondria, Smac/
DIABLO displays an N-terminal IBM that binds XIAP and other
IAPs, thereby interfering with the activity of these proteins (Ver-
hagen et al., 2000).

The closest paralogues to XIAP, cellular IAP 1 (cIAP1) and
cellular TAP 2 (cIAP2), as well as neuronal apoptosis inhibitor
protein (NAIP), contain three sequential BIR domains at their
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N-terminus. cIAP1 and cIAP2 have been shown by several groups to
ablate apoptosis when ectopically expressed in mammalian cells (Roy
et al., 1997; Simons et al., 1999; Uren et al., 1996). These and other
studies indicated that these IAP proteins directly inhibit caspases
(Davoodi et al., 2004; Maier et al., 2002; Roy et al, 1997), but
subsequent studies have suggested otherwise (Eckelman & Salvesen,
2006). Although they possess the conserved IBM-binding groove and
have been reported to bind caspase 3, 7 and 9, these IAP proteins
seem to lack the sequences necessary for inhibition of caspase activity
(Eckelman ez al., 2006). It has been suggested that XIAP is the only
bona fide caspase-inhibitory member of the IAP family (Eckelman et
al., 2006). The function of the other IAP-family members and
the mechanism by which they repress caspase activity is not fully
understood. In addition to their tandem of BIR domains, cIAP1 and
cIAP2 contain an E3-ligase RING domain which could be involved
in caspase ubiquitinylation, thus altering their substrate-interaction
capability or labelling them for destruction (Huang et al., 2000; Hao et
al., 2004; Vaux & Silke, 2005; Choi et al., 2009). A role for cIAP1 and
cIAP2 might also lie in the neutralization of IAP antagonists such as
Smac/DIABLO, thus releasing the negative control of XIAP and
allowing its inhibition of caspases (Wilkinson ef al., 2004; Eckelman &
Salvesen, 2006). In addition to its three BIR domains, NAIP carries a
nucleotide-oligomerization domain (NOD) followed by a C-terminal
leucine-rich repeat (LRR). The presence of the NOD and LRR
domains is unique among the IAPs and suggests that NAIP has
functions that are distinct from those of the other IAP proteins. The
LRR domain recognizes bacterially derived molecules in the cytosol.
Hence, apart from anti-apoptotic activity mediated through the BIR
domains, NAIP has been suggested to be involved in a caspase 1-
mediated inflammation response through its NOD and LRR domains
(Zamboni et al., 2006).

Cancer cells evade apoptosis in part by overexpressing anti-
apoptotic proteins and in some instances IAP-family proteins play a
critical role in tumour maintenance and resistance to chemotherapy
treatments (Hunter et al., 2007; Vucic & Fairbrother, 2007). There-
fore, IAP proteins represent potential targets for anticancer ther-
apeutic treatment. To this end, peptides that bind selectively to the
BIR domains of several IAP proteins and antagonize their inter-
actions with caspases have been described (Fulda et al., 2002; Yang et
al., 2003; Franklin et al., 2003; Cossu et al., 2009).

Given the central importance of BIR domains in the control of
apoptosis and the potential therapeutic use of their inhibition, their
functional and structural characterization is important. In this work,
two new human BIR-domain structures are presented. The crystal
structures of the cIAP2 BIR3 domain and the NAIP BIR2 domain
represent the first BIR-domain structures for these proteins. In these
structures, both BIR domains are stabilized by the N-terminus of the
expression constructs that bind in the IBM groove. These structures
show variations in peptide recognition compared with other struc-
tures and therefore provide new insights into the structural basis for
peptide recognition in the IBM binding groove.

2. Materials and methods
2.1. Cloning and expression

Constructs encompassing residues 141-244 (BIR2 domain) and
244-337 (BIR3 domain) of human NAIP and cIAP2, respectively,
were cloned into the pET-based vector pNIC-Bsa4a (Novagen) and
expressed in Escherichia coli strain BL21 (DE3) (NAIP BIR2) and
Rosetta 2 (DE3) (cIAP2 BIR3). Both recombinant proteins con-
tained an N-terminal hexahistidine tag for purification and a TEV

Table 1
Data collection, structure determination and refinement for NAIP BIR2 and cIAP2
BIR3.

Values in parentheses are for the outer shell.

NAIP BIR2 cIAP2 BIR3

Data collection

Beamline BM14 (ESRF) 1911-3 (MAX-lab)

Wavelength (A) 0.97627 0.97845
Space group P2,2,2, P2,2,2,
Unit-cell parameters (A)

a 36.5 49.4

b 43.1 537

c 57.0 85.6
Resolution limit (A) 1.8 (1.85-1.80) 1.91 (1.96-1.91)
Ilo(I) 14.93 (3.86) 19.37 (3.93)
Rinerget (%) 11.6 (59.1) 7.0 (59.7)
Completeness (%) 99.6 (99.3) 98.9 (97.3)
Redundancy 7.01 (7.13) 6.9 (7.3)

Refinement

Resolution range (A) 34.38-1.80 20.0-1.91
Ryonct (%) 17.8 20.2
Rireet (%) 22.0 24.0
No. of reflections 8131 17150
Model

No. of protein atoms 858 1557

No. of water molecules 51 103

No. of other atoms 6 6
B factors (Az)

Proteins 17.3 29.7

Ligands 24.0 41.8

Water 35.0 56.3
Ramachandran plot§

Residues in favoured regions (%) 97.0 96.8

Residues in allowed regions (%) 100 100
R.m.s. deviations

Bond lengths (A) 0.015 0.01

Bond angles (°) 1.324 1.07

T Ruerge = Dpia 2o Hi(hkl) — (I(hkD))| /30 i I(hkl), where Ij(hkl) is the intensity
measurement for a given reflection and (/(hkl)) is the average intensity for multiple
measurements of this reflection.  § R =Y [|1Fons| = |Feaiel |/ Y pis [Fopsl, Where Ry is
calculated for a randomly chosen 5% of reflections which were not used for structure
refinement and Ry, is calculated for the remaining reflections.  § The Ramachandran
plot was calculated using MolProbity (Davis et al., 2007).

protease recognition site. Cell cultivation and protein expression
were performed using the method described by Stenmark et al.
(2007).

2.2. Extraction and purification

The cell-extract preparation, purification protocol and buffer
compositions were as described by Stenmark et al. (2007). NAIP
BIR?2 and cIAP2 BIR3 proteins were purified using an AKTAxpress
system equipped with IMAC (HiTrap Chelating HP 1ml, GE
Healthcare) and gel-filtration (HiLoad 16/60 Superdex 75 prep grade,
GE Healthcare) columns. Final gel filtration was performed at 277 K
in 20 mM HEPES, 300 mM NacCl, 10% glycerol, 2 mM TCEP pH 7.5.
The purity and integrity of the proteins were estimated by SDS-
PAGE and electrospray MS (data not shown). NAIP BIR2 protein
was concentrated to 24.5mgml™' and cIAP2 BIR3 protein was
concentrated to 16.2 mg ml™". The protein samples were frozen and
stored in liquid nitrogen until further handling.

2.3. Crystallization and data collection

Crystals were obtained at room temperature by the hanging-drop
vapour-diffusion method using 24-well plates (Hampton Research).
For NAIP BIR2, 1 pl protein solution was mixed with 1 pl well
solution consisting of 0.1 M citric acid pH 5.0 and 20% PEG 6000. For
cIAP2 BIR3, 1 pl protein solution was mixed with 1 pl well solution
consisting of 16% PEG 8000, 40 mM potassium phosphate and 20%
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glycerol. NAIP BIR2 crystals were briefly soaked in a cryoprotectant
solution composed of the reservoir solution supplemented with
20% (v/v) glycerol and frozen in liquid nitrogen. cIAP2 BIR3 crystals
were directly frozen after being harvested from the drop. X-ray data
were collected at 100 K on beamlines BM14 at the European
Synchrotron Radiation Facility (ESRF) and 1911-3 at MAX-lab for
NAIP BIR2 and cIAP2 BIR3, respectively.

2.4. Phasing, model building and refinement

Data sets were processed and scaled with XDS and XSCALE
(Kabsch, 1993). Both structures were solved by molecular replace-
ment using MOLREP (Vagin & Teplyakov, 1997). As search models,
the PDB structures loxn and 2uvl were used for cIAP2 and NAIP,
respectively. The initial model was then automatically built using
ARPI/WARP (Perrakis et al., 1999). Final models were obtained after
iterative cycles of manual model building in Coot (Emsley & Cowtan,

Figure 1

2004) and maximum-likelihood refinement in REFMACS
(Murshudov et al., 1997). Space groups, unit-cell parameters and
statistics are listed in Table 1. Coordinates and structure factors for
NAIP BIR2 and cIAP2 BIR3 have been deposited in the Protein
Data Bank (PDB) with accession codes 2vm35 and 2uvl, respectively.
Structure analysis was performed using Coot and PyMOL (DeLano
Scientific, Palo Alto, California, USA). Figures were produced using
PyMOL.

3. Results
3.1. Overall structure

The NAIP BIR2 and cIAP2 BIR3 structures display the conserved
BIR-domain fold, with two or three N-terminal a-helices, a central
three-stranded antiparallel f-sheet and two or three C-terminal
a-helices (Fig. 1). The IBM binding groove is formed between the last

(b)

(a) Schematic representation of the structure of the cIAP2 BIR3 domain. An experimentally achieved dimer constitutes the asymmetric unit. The N-termini bind in the
peptide-binding pockets of the BIR domains, forming an extension of the central S-sheet. (b) Schematic representation of the NAIP BIR2-domain structure. The N-terminus,
shown in yellow, binds in the peptide-binding pocket similarly as in the cIAP2 BIR3 structure.
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Figure 2

Sequence alignment of BIR domains. The sequences of the described BIR3 and BIR2 domains from human cIAP2 and NAIP are compared with the corresponding BIR
domains from XIAP. The ML-IAP BIR domain structure was used as search model for molecular replacement. Colour markers: red triangles, Zn>*-chelating residues; green
triangles, residues of high importance for IBM interaction (see text for details); blue triangles, conserved residues lining a hydrophobic cavity at the P1’ binding position.
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strand of the central B-sheet and the following «-helix. As in other
BIR domains, a Zn>" ion is chelated by one histidine and three
cysteine residues. The chelating residues are strictly conserved in all
BIR domains and are contributed by the central S-sheet part and the
C-terminal a-helices (Fig. 2). As the Zn”* ion is completely buried in
the fold, it is most likely to have a strictly structural function.

The cIAP2 BIR3 domain crystallized with two molecules in the
asymmetric unit. The first four residues of the proteolytically gener-
ated N-terminus of monomer A make an intermolecular interaction
with the IBM-binding groove of monomer B and vice versa (Fig. 1a).
The N-terminus of the cIAP2 BIR3 polypeptide precedes the BIR
domain by eight residues. The N-terminus of the NAIP BIR2 domain
is also bound to the IBM-binding groove, but in this case intra-
molecularly, and the asymmetric unit only contains one molecule
(Fig. 1b). The N-terminus of the NAIP BIR2 domain-containing
polypeptide precedes the first helix of the BIR fold by 18 residues. In
the present NAIP BIR2 structure the sequence corresponding to the
C-terminal helix of other known BIR-domain structures appears as
random coil. This conformation is apparently stabilized by crystal
packing, as the sequence makes contact with three neighbouring BIR
molecules.

3.2. Interactions in the peptide-binding groove

In the following discussion of different tetrapeptides binding in
the IBM-binding groove, the IBM residues are denoted P1-P4’
according to their position in the sequence. Fig. 3(a) shows a super-
position of the cIAP2 BIR3 and NAIP BIR2 structures. clAP2 binds
the N-terminal sequence SMRY in the IBM-binding groove, coordi-
nated by the conserved residues Asp306, GIn311 and Trp315 (Fig. 2).

NAIP BIR2 binds the N-terminal tetrapeptide SMRV in the IBM
groove, coordinated by the corresponding residues Asp211, Glu216
and Trp220.

Asp306 of cIAP2 and the corresponding Asp211 of NAIP co-
ordinate the N-terminal amino group via a salt bridge (Fig. 3a). This
interaction explains why the tetrapeptides that bind to the IBM-
binding grooves are preferably N-terminal. The residue at this posi-
tion is highly conserved as an Asp or Glu in human BIR domains and
the D214S mutation in the corresponding position of XIAP BIR2 has
been shown to abolish or significantly reduce interaction with IAP-
binding proteins (Verhagen et al., 2007).

In both structures the N-terminal serine is bound to the P1’ binding
position of the IBM-binding groove. In most reported structures of
BIR-peptide complexes the first residue of the peptide is Ala. The
pB-methyl group of this Ala is then buried in a small hydrophobic
pocket formed by strictly conserved Leu and Trp residues (Leu299
and Trp302 in cIAP2; Fig. 2). In both of the structures reported here
the Ser side chain is now buried in this pocket (Fig. 3b). Residues
GIn311 of cIAP2 BIR3 and the corresponding Glu216 of NAIP BIR2
form hydrogen bonds to the O atom of the P1’ serine side chain.
These positions are invariably occupied by a Glu or a Gln residue
in BIR domains (Fig. 2). The backbone O atom of the P1’ residue
interacts with the N* atom of the Trp315/Trp220 side chain, forming a
hydrogen bond. This position in the IBM-binding groove is occupied
by a Trp or a His residue in most BIR domains. The His at this
position then forms an equivalent hydrogen bond through its N® atom
to the P1’ residue O atom.

The Trp315/Trp220 side chains make hydrophobic interactions with
the aliphatic side-chain C atoms of the Arg at the P3’ position of the
tetrapeptide. This provides an explanation for the results of a recent

Figure 3

®)

Representation of the IBM-binding site of the BIR domains. (¢) Superposition of cIAP2 BIR3 (green/yellow) with NAIP BIR2 (blue/light blue). (b) Stereo diagram showing

the IBM-binding pocket of cIAP2 BIR3 with the N-terminal peptide SMRY in yellow.
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random peptide library study, in which a propensity for binding Arg
at this position was suggested for the NAIP BIR2 domain (Eckelman
et al., 2008). A proline often occupies the P3’ position of IBMs. Its
side chain also contributes to the stability of the complex by hydro-
phobic interaction with the pocket-lining Trp, corresponding to
Trp315/Trp220 in the present structures, and the following residue,
which is conserved as a Phe/Tyr. The presence of a Tyr in cIAP2 and
a Val in NAIP at the P4’ residue position are consistent with the
previously suggested strong preference for hydrophobic residues with
branched C” atoms at this position (Franklin et al., 2003; Eckelman et
al., 2008).

Overall, backbone interactions of the tetrapeptide with the IBM-
binding groove provide the basis of the stability of BIR domain-IBM
complexes. The tetrapeptide forms an extension of the antiparallel
B-sheet of the BIR-domain fold, providing it with a fourth strand
stabilized by the backbone N and O atoms of the P2’ residue and the
N atom of the P4’ residue.

3.3. Comparison of the clAP2 BIR3 and NAIP BIR2 domains with the
BIR3 and BIR2 domains of XIAP

Fig. 4(a) shows a superposition of the cIAP2 BIR3 structure with
the XIAP BIR3 structure in complex with the caspase 9 small subunit
N-terminal tetrapeptide ATPF (Shiozaki et al., 2003). The backbone
of the IBM peptides overlaps with an r.m.s.d. of 1.27 A (0.87 A for
P1'-P3’). The strong contribution of backbone interactions to the
binding of N-terminal tetrapeptides and the conservation of key
residues interacting with the IBM side chains suggests that BIR
domains display an overlapping specificity for caspase IBM motifs.
However, the binding of BIR domains to caspases alone is not
sufficient for caspase inhibition. Rather, the inhibiting elements of
XIAP lie in the linker region preceding the BIR2 domain, part of
which binds and blocks the catalytic site of caspase 3 and 7, and in the
last helix of the BIR3 domain, which inhibits caspase 9 dimer
formation (Riedl er al., 2001; Chai et al., 2001; Shiozaki et al., 2003).

Comparison of the NAIP BIR2 structure with XIAP BIR2 in
complex with caspase 3 (Riedl et al., 2001; Fig. 4b) is interesting, as
the BIR2 domains of NAIP, cIAP1, cIAP2 and XIAP have all been
reported to bind caspase 3 and 7 (Riedl et al., 2001; Chai et al., 2001;
Shiozaki et al., 2003; Maier et al., 2002; Eckelman & Salvesen, 2006;
Eckelman et al., 2006) and the processed forms of the small subunit of
the active caspase 3 and 7 dimer start with a serine (Fuentes-Prior &
Salvesen, 2004). The two IBM tetrapeptides overlap with an r.m.s.d.
of 0.68 A (0.55 A for P1'-P3'). The P1’ Ser side chain is buried in the
corresponding pocket and the O atom forms a hydrogen bond to the
Asp side chain at positions Asp211 (cIAP2) and Asp214 (XIAP).

4. Discussion

This work describes the crystal structures of the BIR2 domain of
human NAIP and the BIR3 domain of human cIAP2. Both structures
are stabilized by binding of the amino-terminus in their peptide-
interaction groove. Although the N-termini are generated
serendipitously, their sequences have similar properties to the well
characterized physiological interaction peptides for BIR domains.
This suggests that these structures may provide information about the
binding specificity of these BIR domains.

A number of tetrapeptides have been found to bind to the IBM
groove of different BIR domains, although with different affinities.
The reason for this apparent promiscuity partly lies in the fact that
the main part of the interaction is provided by the tetrapeptide
backbone, resulting in the formation of an additional strand to the

B-sheet of the BIR domain. It can now be concluded that the same
interaction mode is seen in the present structures.

As discussed above, the P1’ residue side chain binds in a small
hydrophobic pocket formed by the conserved Leu and Trp in the
LXXW motif (Fig. 2). In studies performed on peptide preferences,
Ala is by far (>98%) the most preferred residue at the P1” position
(Franklin et al., 2003; Eckelman et al., 2008). Interestingly, Ser, which
is present in the peptides binding in the IBM pockets in this work, is
among the few other (weakly) preferred residues at this position.
Notably, glycine does not display even a weak occurrence at this
position, indicating a significant contribution of the P1” Ala or Ser
side chain to the IBM-binding affinity.

Although serine displays a relatively low preference in the P1’
binding site, it is interesting to note that proteolytically generated
forms of the caspase 3 and 7 small subunits can display a serine as an
altervative to alanine as the N-terminal residue. These caspases have
been shown to bind to several IAP-family members, including NAIP
and cIAP2 (Maier et al., 2002). It is likely that the different caspase
N-termini have different affinities for different BIR domains and this
may render the caspases less or more receptive to BIR-mediated

®)

Figure 4

Comparison of interactions in the IBM-binding cleft. (a) Superposition of cIAP2
BIR3 (green/yellow) with XIAP BIR3 (brown/white). (b) Superposition of NAIP
BIR2 (blue/light blue) with XIAP BIR2 (pink) bound to the N-terminus of the
processed caspase-3 small domain (sand).
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regulation. Moreover, in a recent study mitochondrial glutamate
dehydrogenase, which carries a Ser as the first residue after
N-terminal processing, has been identified as an IAP-interacting
protein (Verhagen et al., 2007).

The particular side chains at positions P2'-P4’ confer additional
stability on the interaction. Mainly hydrophobic interactions are
preferred at these binding sites. Previous studies have shown that a
proline is by far the most preferred residue at the P3’ position
(Franklin et al., 2003; Eckelman et al., 2008). Exceptions to this are
displayed by the BIR2 domains of XIAP, cIAP1 and NAIP. In the
XIAP BIR2 domain Ala seems to be the preferred residue, in cIAP1
BIR2 Lys and Arg are prominent and in NAIP BIR2 Arg and Pro
seem to have equal preference. In the structures presented here, Arg
is found at the P3’ position, stabilized by interaction with the Trp
lining the IBM-binding groove of both structures. This confirms the
recently made suggestion that an Arg can be preferred at this posi-
tion, particularly in the case of NAIP BIR2 (Eckelman et al., 2008).

Although the caspase-inhibiting activities of IAPs other than
XIAP have been questioned (Eckelman ez al., 2006), there is little
doubt that NAIP, cIAP1 and cIAP2 indeed bind to and affect the
activities of caspases. Furthermore, their overexpression protects the
cell from apoptotic stimuli. In this work, we present the first crystal
structures of BIR domains from human NAIP and cIAP2. These
structures confirm that the peptide-interaction modes are similar to
those seen in other BIR domains. These structures also reveal a
favourable interaction of the hydrophobic moiety of the Arg side
chain at the P3’ position and explain why Ser can be accepted at the
P1 position in these proteins. Together, these structures therefore
contribute novel structural information on BIR—peptide interactions
and should also provide a framework for structure-based drug design
in the future.
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