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Apoptosis is an essential process in the development and homeostasis of all metazoans1±4. The inhibitor-of-apoptosis (IAP) proteins suppress cell death by inhibiting the activity of caspases; this
inhibition is performed by the zinc-binding BIR domains5,6 of the
IAP proteins. The mitochondrial protein Smac/DIABLO promotes
apoptosis by eliminating the inhibitory effect of IAPs through
physical interactions7±9. Amino-terminal sequences in Smac/
1008

DIABLO are required for this function, as mutation of the very
®rst amino acid leads to loss of interaction with IAPs and
concomitant loss of Smac/DIABLO function9. Here we report
the high-resolution crystal structure of Smac/DIABLO complexed
with the third BIR domain (BIR3) of XIAP. Our results show that
the N-terminal four residues (Ala-Val-Pro-Ile) in Smac/DIABLO
recognize a surface groove on BIR3, with the ®rst residue Ala
binding a hydrophobic pocket and making ®ve hydrogen bonds to
neighbouring residues on BIR3. These observations provide a
structural explanation for the roles of the Smac N terminus as well
as the conserved N-terminal sequences in the Drosophila proteins
Hid/Grim/Reaper. In conjunction with other observations, our
results reveal how Smac may relieve IAP inhibition of caspase-9
activity. In addition to explaining a number of biological observations, our structural analysis identi®es potential targets for drug
screening.
All members of the IAP family contain at least one BIR (baculoviral IAP repeat) motif and many contain three. Recent experiments indicate that different BIR domains may exhibit distinct
functions. The second BIR domain (BIR2) of XIAP is a potent
inhibitor for caspase-3, whereas the third BIR domain of XIAP
(XIAP-BIR3) primarily targets the active caspase-910±13. Smac is
synthesized as a precursor molecule of 239 amino acids; the Nterminal 55 residues serve as the mitochondria targeting sequence
that is removed after import7. The wild-type Smac protein (residues
1±184) forms a dimer in solution and interacts with both the BIR2
and BIR3 domains of XIAP9. Point mutations at the dimeric
interface, such as Phe33!Asp, completely inactivate dimer
formation9. Such monomeric mutants can no longer interact with
XIAP-BIR2, but they retain binding to the BIR3 domain9. A
missense mutation of the N-terminal Ala residue to Met
(Ala1!Met) in wild-type Smac abolishes binding to both the
BIR2 and BIR3 domains of XIAP and results in complete loss of
Smac function9. In support of its critical role, a short 7-residue
peptide derived from the Smac N-terminus was able to promote the
activation of procaspase-39, raising the possibility of using small
peptides or peptide mimics to treat cancer cells.
To provide a structural basis for IAP recognition by Smac, we
crystallized the wild-type Smac in complex with either the BIR2 or
the BIR3 domain of XIAP. But these crystals did not diffract X-rays
well. To facilitate crystallization, we reconstituted binary complexes
using a monomeric Smac protein (with the missense mutation
Phe33!Asp). Crystals of this mutant Smac with XIAP-BIR3 (residues 238±358) were obtained in two different conditions, neither of
which disrupted interactions between Smac and XIAP-BIR3 in
solution. We have determined these two crystal structures of the
binary complex at 2.0 and 2.6 AÊ (see Methods and Supplementary
Information). There are two identical complexes in each asymmetric unit in each of the two crystal forms. Although the packing
interactions are different, two sets of conserved interaction interfaces between Smac and XIAP-BIR3 are present in these two crystal
forms, with 0.95 AÊ root-mean-square-deviation (r.m.s.d.) for all
aligned Ca atoms (Fig. 1a). Because of these conserved features, we
limit our discussions to the 2.0 AÊ structure (Fig. 1b).
In the complex, the Smac protomer is an elongated three-helix
bundle (Fig. 1), very similar to the structure of Smac by itself (0.7 AÊ
r.m.s.d. for aligned Ca atoms)9. XIAP-BIR3 consists of six a-helices,
a three-stranded b-sheet, and a zinc atom chelated by three Cys and
one His residues (Cys 300, Cys 303, His 320 and Cys 327) (Fig. 1).
The XIAP-BIR3 structure closely resemble those of other BIR
domains14, with approximately 1.22 and 1.38 AÊ r.m.s.d. to the
aligned Ca atoms of survivin15,16 and cIAP1-BIR212, respectively.
In the crystals, Smac recognizes XIAP-BIR3 with two interfaces.
First, the N-terminal four residues in Smac, Ala1-Val2-Pro3-Ile4,
bind a surface groove on BIR3 formed by the strand b3, the helix a3
and the intervening loop. Two of these four residues, Val2 and Pro3,
form a short anti-parallel b-strand with the three-stranded b-sheet
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of BIR3 (Figs 1a and 2a). Second, the helices H2 and H3 in Smac
contact the BIR3 residues surrounding the helix a1 (Fig. 1a). The Nterminal residues and the H2±H3 helices in Smac that contact
the same BIR3 domain are from two different Smac protomers
(Fig. 1b). The N-terminus of one Smac protomer extends out and
recognizes a BIR3 domain that interacts with another Smac protomer through the second interface (Fig. 1b). This arrangement is in
agreement with our structure-based prediction9.
The N-terminal four residues of Smac pack into a surface groove
on XIAP-BIR3, resulting in the burial of 892 AÊ2 exposed surface area
(Fig. 2b). The recognition speci®city is achieved through a combination of hydrogen-bond interactions and van der Waals contacts
(Fig. 2a). A total of eight inter- and three intra-molecular hydrogen
bonds support the binding of the Smac tetrapeptide (Ala1-Val2Pro3-Ile4) in the surface groove on BIR3. Three intermolecular
contacts between the backbone groups of Val2/Ile4 in Smac and
Gly306/Thr308 in BIR3 allow the formation of a four-stranded
antiparallel b-sheet (Fig. 2c). The remaining hydrogen bonds
constitute an intricate network surrounding the N-terminal residue
Ala1. At the centre of the network, the amino group of Ala 1 donates
three hydrogen bonds to Glu 314 and Gln 319 whereas its carbonyl
group makes two additional contacts to Gln 319 and Trp 323

(Fig. 2c). At the periphery of the network, three intra-molecular
contacts further buttress the interactions (Fig. 2c).
In addition to the hydrogen-bond network, van der Waals
contacts also appear to be important in stabilizing the interactions
between the Smac tetrapeptide and the BIR3 surface groove. The
methyl group of Ala 1 ®ts tightly in a hydrophobic pocket formed by
the side chains of Leu 307, Trp 310 and Gln 319 (Fig. 2c). Stereochemical parameters indicate that replacement of Ala 1 by any other
residue except Gly will cause steric hindrance in this pocket,
probably weakening binding and abolishing hydrogen bonds by
the amino and carbonyl groups of Ala 1. This observation explains
the ®nding that the mutation Ala1!Met in Smac completely
eliminated interaction with the BIR domains9. The absolute requirement for Ala as the N-terminal residue is also consistent with the
observation that the mutant Smac-del4 retained weak interaction
with the BIR domains9, as removal of the ®rst four residues in Smac
leaves Ala 5 as the N-terminal residue. We predict that Ala 1 cannot
be replaced by Gly because of the associated entropic penalty and
loss of van der Waals interactions, although we have not tested this
prediction.
The bulky, ¯at aromatic side chain of Trp 323 is important in
forming the surface groove on BIR3 (Fig. 2c). Both Val 2 and Pro 3

Figure 1 Schematic representation of the Smac(Phe33!Asp)/XIAP-BIR3 structures.
a, Stereo view of superimposition of the two structures from two different crystal forms.
Smac and XIAP-BIR3 are coloured green and orange, respectively. The bound Smac
N-terminal peptide is shown in blue. The zinc atom is highlighted in red whereas its
chelating residues are shown in yellow. b, Schematic representation of the complete
structure in one asymmetric unit. Two Smac protomers are coloured green and blue,

respectively. Two BIR3 domains are shown in orange and pink, respectively. Some
secondary structural elements are labelled. In the crystals, each Smac protomer uses its
extended N terminus to bind a BIR3 domain whereas it interacts with a second BIR3
domain with a different interface. All ®gures were prepared with MOLSCRIPT26 and
GRASP27.
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maintain multiple van der Waals interactions with Trp 323, while
Pro 3 makes additional contact to Tyr 324 (Fig. 2c). In addition, the
side chain of Ile 4 interacts with Leu 292, Gly 306, and the aliphatic
side chains of Lys 297 and Lys 299. Of these residues, Gly 306
appears to be particularly important, because the absence of a
side chain at this position makes these interactions possible
(Fig. 2c). Although Ala 5 and Gln 6 in Smac are ordered in the
crystals, they do not make important interactions to the BIR3
domain; nor are they involved in binding the surface groove.
Among the N-terminal four residues, Ala 1 makes the largest
contribution to the speci®c recognition of XIAP. The next three
residues, Val 2, Pro 3 and Ile 4, are all hydrophobic, and they interact
with the hydrophobic residues lining the BIR3 surface groove. These
residues also contribute to the appropriate positioning of Ala 1 in
the pocket (Fig. 2c); however, their identity does not appear to be as
critical as that of the N-terminal Ala 1.
Our structural analysis has identi®ed several residues in XIAPBIR3 that mediate crucial interactions with Smac. To con®rm these
structural observations, we created nine missense mutations on
BIR3 and examined their interaction with Smac using puri®ed
recombinant proteins. Consistent with their important roles in
binding the Smac N-terminus, point mutation to Ala or Arg for any
of the three residues Glu 314, Gln 319 and Trp 323 signi®cantly
reduced or abolished interaction with the wild-type Smac protein,
presumably because of the disruption of binding to the Smac
tetrapeptide (data not shown). In contrast, three control mutations
outside the peptide-binding surface, Glu282!Ala, Glu282!Arg
and Arg286!Glu, had no detectable effect on the interaction
between XIAP-BIR3 and Smac (data not shown).
In Drosophila, three proteins, Hid, Grim and Reaper, appear to be
the functional homologues of the mammalian Smac9. These three
proteins appear to act upstream of the Drosophila IAP, DIAP1, and

physically interact with DIAP1 to relieve its inhibitory effect on
caspase activation17,18. Although previous sequence alignment
between Smac and the Drosophila proteins failed to reveal signi®cant homology, our results showing a Smac tetrapeptide binding
to XIAP motivated us to re-examine the N-terminal sequences of
Hid/Grim/Reaper. This analysis revealed notable similarity in the
N termini of these proteins (Fig. 2d). All three Drosophila proteins
begin with Ala; both Reaper and Hid have Val in the second position
whereas Grim replaces Val with a conserved Ile. This sequence
conservation strongly suggests that the Drosophila proteins Hid/
Grim/Reaper may interact with DIAP1 in a similar fashion, and that
the N-terminal sequences from Hid/Grim/Reaper may recognize
the same surface groove. This analysis also predicts that (1) the
initiating Met residue in Hid/Grim/Reaper is removed by a methionyl
peptidase in Drosophila as is the case in Escherichia coli9,19, and (2)
other pro-apoptotic proteins bearing N-terminal homology to the
Ala-Val-Pro-Ile sequence may remain to be discovered.
In addition to the peptide-binding groove, we also observed a
second interaction interface between Smac and the BIR3 domain of
XIAP (Fig. 2e). Residues around the helix a1 in BIR3 pack against
the middle portion of helices H2 and H3 in Smac. This interface
consists of seven hydrogen bonds and two patches of van der Waals
interactions, with over 2,000 AÊ2 of buried surface area (Fig. 2e). The
hydrogen bonds cluster in a small area, where Glu 99 and Thr 100 in
Smac make six contacts to Asn 259, Ser 261 and Arg 258 (Fig. 2e). In
addition, Arg 85 on helix H2 donates one hydrogen bond to the side
chain of Thr 274 (Fig. 2e). Although van der Waals interactions are
scattered throughout the large interface (Fig. 2e), there are two
prominent patches. First, Phe 270 on helix a1 of XIAP-BIR3 extends
out into a hydrophobic pocket formed by the side chains of Met 88,
Leu 153, Ala 154, Gln 157 and Glu 150 (Fig. 2e). Second, Leu 96 on
helix H2 makes multiple contacts to the side chains of Met 262 and

Figure 2 Binding interface between Smac and XIAP-BIR3. a, Overall view of the
interaction between Smac N-terminal residues and XIAP-BIR3. Smac is coloured blue and
the interface residues from BIR3 are highlighted in yellow. The zinc atom is shown in red.
The Fo ±Fc electron density (omit map), shown in green, was contoured at 2.5j and
calculated with simulated annealing using XPLOR24 with the omission of the Smac Nterminal seven residues. b, Close-up view of the binding groove on BIR3 for the Smac N
terminus. The blue and white colours represent the most and least hydrophobic surfaces,

respectively. The N-terminal ®ve residues of Smac are shown in green. c, Close-up view
of the interaction between the Smac N terminus and the surface groove on BIR3. Smac
and BIR3 are coloured green and pink, respectively. Hydrogen bonds are represented by
red dashed lines. Oxygen and nitrogen atoms are shown as red and blue balls,
respectively. d, Alignment of the N-terminal four amino acids of Smac with those from the
Drosophila proteins Hid, Grim and Reaper. e, Close-up view of a second interface between
Smac and XIAP-BIR3. Smac and BIR3 are coloured green and orange, respectively.
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Tyr 290 (Fig. 2e). Although the buried surface area is relatively large
for this interaction interface, shape complementarity between Smac
and BIR3 is not optimal. Compared to the binding of the Smac Nterminal tetrapeptide to the surface groove on BIR3, this interface is
likely to play a minor role. This analysis is consistent with the
observation that N-terminal deletion mutants of Smac failed to
bind XIAP-BIR39.
Wild-type Smac interacts with the BIR2 and BIR3 of XIAP but
does not bind the BIR1 domain9. To explain this observation, we
compared the primary sequences of the BIR domains from XIAP
and cIAP-1. Among the many residues that line the BIR3 surface
groove, ®ve appear to be mediating critical contacts with Smac.
Leu 307 and Trp 310 are involved in pocket formation for the side
chain of Ala 1 of Smac; Glu 314 hydrogen-bonds to Ala 1; Trp 323
interacts with Val 2 and Pro 3 and hydrogen-bonds to Ala 1; Gly 306
allows docking of Ile 4. Among these ®ve residues, Trp 310 is
invariant; Leu 307 and Glu 314 are highly conserved among all
BIR domains. The replacement of Gly 306 by other residues in
BIR2 and BIR1 probably disrupts tight packing of Ile 4 of Smac
against residues in the BIR domain. More importantly, Trp 323 is
replaced by His in the BIR2 domain and Val/Leu in the BIR1
domain, which may alter the lining of the surface groove. The
replacement of Trp 323 by His in BIR2 is likely to be less deleterious
than its replacement by Val/Leu; this is because His may retain the
hydrogen bond contact to the carbonyl group of Ala 1 in Smac
(Fig. 2c). These analyses are consistent with the observations that

wild-type Smac does not interact with BIR1 and that monomeric
Smac mutants fail to bind BIR29.
The BIR3 domain of XIAP is primarily responsible for the
inhibition of caspase-9 activity10,13. How does Smac relieve this
inhibition? Both published observations and current analysis suggest a model of mutual exclusion of caspase-9 and Smac for binding
to the BIR3 domain. Three mutations in XIAP-BIR3, Glu314!Ser,
Trp310!Ala and His343!Ala, abolish inhibition of caspase-9
activity13, suggesting that the affected residues may directly contact
caspase-9 and inhibit its activity. Indeed, the three affected residues
are close to each other and two of them are directly involved in
binding Smac tetrapeptide (Fig. 3a). In the structure, Trp 310 forms
an important part of the pocket that accommodates Ala 1 in Smac,
suggesting that binding by the Smac N terminus may evict a binding
moiety of caspase-9 from the pocket. In addition, the amino group
of Ala1 in Smac makes a pair of charge-stabilized hydrogen bonds to
the side chain of Glu 314 in XIAP, probably competing with the
interaction between Glu 314 and caspase-9. His343!Ala affects a
residue that abuts the peptide-binding pocket, further supporting
the mutual exclusion model (Fig. 3a).
Our structural analysis also provides a plausible explanation for
gain-of-function (GOF) mutations in DIAP1. All ®ve reported GOF
mutations18,20 appear to disrupt the peptide-binding groove and
impair binding by the Drosophila proteins Hid/Grim/Reaper
(Fig. 3a). For example, Gly269!Ser affects a residue that corresponds to G306 in XIAP-BIR3; Val85!Met and Gly88!Asp (or
Gly88!Ser) affect residues that correspond to Gly 305 and Thr 308
in XIAP, respectively. These residues are either in the groove
(Gly 306 and Thr 308) or in the vicinity of the groove (Gly 305).
The ®fth GOF mutation, Pro105!Ser, affects a corresponding
residue (Pro 325) in XIAP that makes a sharp turn and allows
Trp 323 to line the groove. We suggest that these ®ve mutations
impair binding of DIAP-1 to Hid/Grim/Reaper without signi®cantly affecting binding to Drosophila caspases (Fig. 3a).
Although a Smac monomeric mutant (Phe33!Asp) was used for
crystallization, there are two complexes in each asymmetric unit in
the crystals (Fig. 1b). The two Smac protomers pack against each
other using part of the wild-type dimeric interface (Fig. 1b).
Docking the XIAP-BIR3 domain onto the wild-type Smac dimer
structure using the BIR3:Smac interface observed here places the
BIR3 domain underneath the arch-shaped Smac molecule (Fig. 3b).
This arrangement also places two BIR3 domains next to each other
(Fig. 3b). This model for the complex between wild-type Smac and
BIR3 is consistent with available biochemical data. For example,
XIAP-BIR2 does not interact with the monomeric mutants of Smac,
suggesting that BIR2:BIR2 interactions may be required for stable
binding of BIR2 to the wild-type dimeric Smac9.
Our high-resolution crystal structure of a complex between Smac
and the BIR3 domain of XIAP reveals a peptide-binding groove on
the surface of BIR3 that is important in IAP function. This peptidebinding groove is lined with both hydrophobic and negatively
charged residues, and appears to be a promising drug target.
Future experiments need to be directed at identi®cation and
optimization of a high-af®nity drug that is capable of promoting
apoptosis in cancer cells.
M

Methods
Site-directed mutagenesis and protein preparation
Figure 3 Proposed mechanism for the relief of XIAP inhibition of caspase-9 by Smac.
a, The surface on XIAP-BIR3 that binds to caspase-9 overlaps with the Smac-binding
groove. XIAP-BIR3 is primarily responsible for inhibiting caspase-910,13. Mutation of the
three residues, W310, E314 and H343 (coloured blue), prevents caspase-9 inhibition by
XIAP-BIR313. Four residues, T308, G305, G306 and P325, are shown in yellow. Mutation
of the corresponding residues in the Drosophila protein DIAP1 (shown in parentheses)
leads to a gain-of-function phenotype18,20. b, Proposed structure of a
wild-type Smac/XIAP-BIR3 complex (see text). Two perpendicular views are shown.
NATURE | VOL 408 | 21/28 DECEMBER 2000 | www.nature.com

Point mutations were generated by PCR, and the identities of individual clones were
veri®ed by sequencing. Recombinant XIAP-BIR3 (residues 238±358) were overexpressed
as GST-fusion proteins using pGEX-2T (Pharmacia). The mutant Smac protein
(Phe33Asp, residues 1±162) was overexpressed in E. coli strain BL21(DE3) using a pET-3d
vector (Novagen). Selenomethionyl Smac (Phe33Asp) was expressed in E. coli B834(DE3)
(Novagen) in M9 minimal medium supplemented with 50 mg l-1 selenomethionine.
Protein puri®cation was performed as described9. The concentration of the ®nal complex
was approximately 15 mg ml-1. For interaction assays, both wild-type and mutant Smac
were overexpressed in E. coli strain BL21(DE3) as C-terminally 9-Histidine-tagged
proteins using a pET-15b vector (Novagen).
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In vitro interaction assay
Interaction between Smac and XIAP-BIR3 was examined by GST-mediated pull-down
assays. Approximately 0.4 mg of a wild-type or mutant BIR3 fragment was bound to 200 ml
of glutathione resin as a GST-fusion protein and incubated with 0.5 mg of wild-type or
mutant Smac at room temperature. After extensive washing with an assay buffer
containing 25 mM Tris, pH 8.0, 150 mM NaCl, and 2 mM dithiothreitol (DTT), the
complex was eluted with 5 mM reduced glutathione and visualized by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie staining.

Crystallization and data collection
Crystals were grown by the hanging-drop vapour-diffusion method by mixing the Smac/
XIAP-BIR3 complex (15 mg ml-1) with an equal volume of reservoir solution. At 4 8C, the
reservoir contained 100 mM MES buffer, pH 6.5, 12% isopropanol (v/v), 200 mM sodium
citrate, and 10 mM DTT. At 23 8C, the reservoir contained 100 mM citrate buffer, pH 5.5,
5% PEG 4000 and 10% isopropanol. Crystals appeared after 1±4 days and reached a
maximum size over a period of 1±3 weeks. Both crystals are in the triclinic space group P1
and contain two complexes in each unit cell. However, the unit cell dimensions are
signi®cantly different. Crystals grown at 4 8C have a = 47.0 AÊ, b = 54.6 AÊ, c = 74.2 AÊ,
a = 93.08, b = 101.18, and g = 94.98; crystals grown at 23 8C have a = 48.1 AÊ, b = 52.9 AÊ,
c = 67.1 AÊ, a = 100.08, b = 104.18, and g = 94.0.8 Diffraction data were primarily collected
using an R-AXIS-IV imaging plate detector mounted on a Rigaku 200HB generator.
Derivatives were obtained by soaking crystals in reservoir buffer containing 20% glycerol
(v/v) and heavy atoms. The concentration and soaking time for mercury thimerosal were
1 mM and 20 hours, respectively. To collect data at -170 8C, crystals were equilibrated in a
cryoprotectant buffer containing reservoir buffer plus 20% glycerol (v/v) and were ¯ash
frozen in a cold nitrogen stream. The high-resolution native data were collected at the
NSLS beamline X4A.

Structure determination
We focused on the crystals grown at 4 8C ®rst, because of the availability of a high-quality
selenomethionine derivative. The ®rst six selenium positions were determined using
SOLVE21 and further re®ned using MLPHARE22. The positions of the other four selenium
atoms and mercury thimerosal were identi®ed using difference Fourier methods. Initial
MIR phases calculated with the program MLPHARE22 had a mean ®gure of merit of 0.404
to 3.0 AÊ resolution, and were improved with solvent ¯attening and histogram matching
using the program DM22. The electron density for the Smac N-terminal four residues was
very clear in the experimental map. A model was built into MIR electron density with the
program O23 and re®ned at 2.6 AÊ resolution by simulated annealing using the program
XPLOR24. Non-crystallography symmetry (NCS) constraints were applied to all
re®nement cycles except the last one. The two re®ned complexes (R factor 24% and free R
28.5%) are nearly identical to one another, and contain Smac residues 1±6 and 13±157,
XIAP residues 251±343, and 58 ordered water molecules. Residues 7±12 and 158±162 in
Smac and the terminal residues in XIAP (238±250 and 344±358) have no electron density
in the maps, and we presume that these regions are disordered in the crystals. After
completion of the re®nement for the crystals grown at 4 8C, the atomic coordinates of
BIR3 and Smac were used individually to obtain molecular replacement solutions for the
crystals grown at 23 8C, using AMoRe25. The solutions were combined in O23. Rigid body
re®nement by XPLOR24 con®rmed the correctness of the solutions. This model was further
re®ned at 2.0 AÊ resolution by simulated annealing using the program XPLOR24, followed
by model building in O23. NCS was helpful for the initial cycles of re®nement. The ®nal
re®ned model, with an R factor of 22.7% and free R of 26.8%, contains two complexes.
One complex contains Smac 1±157 and XIAP 256±357, and the other complex contains
Smac 1±157 and XIAP 256±343. Except for the C-terminal 14 residues of XIAP in the ®rst
complex, which is disordered in the second one, the structures of these two complexes are
identical to one another.
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