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Abstract

Target-assisted iterative screening (TAIS) has been applied to a random phage-displayed peptide
library in a search for novel ligands of the third baculovirus 1AP (“inhibitors of apoptosis’) repeat
(BIR) domain of clAP1. The peptides selected in the screen fall into two distinct specificity groups,
one that conforms to a known 1AP-binding motif (IBM) and another one that reveals a novel BIR
domain interactingmotif, NH,-SR(V/P)W. The biochemical profiling of selected sequences with
synthetic peptides, which included alanine scanning and N- and C-terminal truncations as well as
competition with the Smac peptide, suggests a major energetic contribution of tryptophan at the +4
position of peptide ligands to binding and identifies the latter together with the respective pocket on
the BIR domain surface as a “hot spot’ of the interaction. A peptide featuring the novel motif
selectively binds the full-length clAP1 protein in cell lysates. A ‘two-pocket” model of BIR domain
recognition mechanism is proposed as the basis of differential BIR domain interactions with different
IBMs.
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INTRODUCTION

Baculovirus IAP (“inhibitors of apoptosis’) repeat (BIR) domains are small, approximately 70
amino acids, zinc-containing protein interaction modules. As the name suggests, they were
first identified as repetitive elements within baculovirus 1AP proteins (Crook et al., 1993;
Birnbaum et al., 1994). Later the repeats were found in various species in a number of different
gene products (Duckett et al., 1996; Salvesen and Duckett, 2002). The BIR domain has become
a defining feature of the AP protein family, though not all members of the family are believed
to function as bona fide inhibitors of apoptosis. Prototypical inhibitors such as XIAP, clAP1,
and clAP2, each carrying three consecutive BIR domains at their N-termini and a RING domain
at their C-termini, are thought to inhibit apoptosis through direct physical association with
activated caspases, an interaction which is mediated by the BIR domains of 1APs and/or the
linker region connecting BIR1 and BIR2 domains (Chai et al., 2001; Huang et al., 2001; Riedl
etal., 2001). The mammalian pro-apoptotic proteins Smac/DIABLO, Omi/HtrA2, and GSPT1/
eRF3 promote apoptosis by competing off activated caspases from their complexes with 1APs
(Du et al., 2000; Suzuki et al., 2001; Hegde et al., 2003). Accumulating evidence suggests that
XIAP, clAP1, and clAP2 may regulate their own protein levels through auto-ubiquitination
and proteosomal degradation (Vaux and Silke, 2005). It has been suggested that the
ubiquitination activity of IAPs is mediated by their RING domain and is regulated by BIR
domain interactions (Yang et al., 2000; Yang and Du, 2004; Vaux and Silke, 2005). IAPs
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appear also to target for ubiquitination and down-regulation of the proteins they associate with,
such as caspases, Smac, and TRAFs (Lietal., 2002; Vaux and Silke, 2005). Though the primary
function of XIAP, clAP1, and clAP2 is thought to be the inhibition of apoptosis, they have
been implicated in a number of other cellular functions such as cell-cycle regulation, protein
degradation, and receptor-mediated signal transduction (Salvesen and Duckett, 2002; Galvan
et al., 2004; Vaux and Silke, 2005).

Tremendous research efforts have been focused on the biochemical and structural
characterization of protein interactions mediated by BIR domains, as these protein modules
appear to play a critical role in the majority, if not all, functions attributed to IAPs. The BIR
domains bind selectively and with high affinity to the N-termini of proteins containing the so-
called IAP-binding motif (IBM). A number of proteins, such as caspases 3, 7, and 9, Smac/
DIABLO, Omi/HtrA2, and GSPT1/eRF3 as examples, have been shown to possess functional
IBMs that are normally hidden, but become exposed upon proteolytic processing of these
proteins (Salvesen and Duckett, 2002). All of the characterized IBMs appear to interact as short
linear peptides with the same peptide-binding groove on the surface of structurally conserved
members of the BIR domain family. The competition between the IBMs of different proteins
has been suggested as a mechanism by which a balance between pro- and anti-apoptotic
activities is regulated. Indeed, the Smac-derived peptides were reported to sensitize cancer
cells to apoptosis in both cell culture and animal models (Arnt et al., 2002; Fulda et al.,
2002). As the overexpression of IAPs has been observed in a variety of cancers (Vucic et al.,
2000; Li et al., 2001; Krajewska et al., 2003), thus suggesting a common mechanism of
apoptosis evasion in malignant cells, the interaction between BIR domains and their IBM
ligands has become the focus of intense drug design/screening efforts (Wu et al., 2003; Oost
etal., 2004; Schimmer et al., 2004). The comparison of the known functional IBMs combined
with the data from structural and biochemical studies addressing their interactions with BIR
domains led to the establishment of a paradigm defining IBM as a short linear peptide in which
the invariable N-terminal alanine (A) residue is followed by the somewhat vague and not all-
inclusive consensus sequence—A(K/T/V/I)(P/IA/E)(FIE/ISIY) (Vaux and Silke, 2005).

In the study presented here we applied a novel screening format, target-assisted iterative
screening (TAIS), to a random phage-displayed linear peptide library using the BIR3 domain
of clAP1 as target. We isolated two families of peptides that selectively bound the BIR3-cl AP1.
Sequences of one family conform to the known IBM consensus, while sequences of the other
suggest a novel BIR3-clAP1-binding motif, NH,-SR(V/P)W, thus expanding the spectrum of
potential interacting partners of IAPs. The biochemical profiling of the isolated sequences with
synthetic peptides indicates that the position +4 of the novel IBM, which is occupied by
tryptophan in the selected peptides, represents an energetic ‘hot spot’ of the BIR3-clAP1-
peptide interaction interface. New findings pertaining to the recognition specificity of BIR
domains are discussed in the context of existing experimental data.

MATERIALS AND METHODS

Target-assisted iterative screening

A detailed description of the TAIS method is presented by Kurakin et al. (2004). The TAIS
flowchart and protocols can be found on the Internet (http://www.buckinstitute.org/TAIS).
Briefly, 30 pg of a GST-BIR3-clAP1 domain fusion immobilized on sepharose beads were
blocked with 0.5% bovine serum albumin (BSA) in Tris-buffered saline, pH 7.4 + 0.1% Tween
20 (TBS-T) and incubated with a random peptide library aliquot (approximately 108-10° pfu).
After 90 min of incubation at room temperature (RT) the beads were thoroughly washed with
TBS-T and bound phages were eluted with 200 ul of 1% SDS for 15 min at RT. Following
elution, the phages were immediately mixed with a molten 0.6% top agarose-containing host
cellsand plated onto two pre-warmed 150 mm agar plates. When phage plaques became visible,
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the plates were cooled down for 30 min at 4°C and overlaid with 132 mm nitrocellulose
membranes (Schleicher & Schuell) for 5 min. Following plaque lift, the membranes were
blocked in 1% BSA in TBS for 1 h at RT and incubated overnight in 25 ml of TBS-T on a
rocker at 4°C with 10 pg of the BIR3-clAP1 domain that had been cleaved from the GST
moiety, biotinylated, and complexed with streptavidin—alkaline phosphatase (STRAP) at a
ratio of 4:1. After extensive washing with TBS-T, positive plaques were developed on the
membranes with insoluble alkaline phosphatase (AP) substrate BCIP/NBT (Sigma). Individual
positive plaques were identified on the plates and phages from these plaques were propagated
separately in the appropriate host for production of phage DNA. M13 single-stranded DNA
was prepared with QlAprep Spin M13 kit (Qiagen).

Phage ELISA

Streptavidin- or GST fusion-coated microtiter ELISA plates (COSTAR) were prepared by
passive immobilization of 1 pg of streptavidin or 2 ug of the indicated GST fusion proteins
(Figure 2) per well in 200 pl of 0.1M NaHCOg, pH 8.0, overnight at 4°C. Following protein
coating, plates were blocked by adding 150 pl of 1% BSA in TBS for 1 h at RT. After five
washes with TBS-T, 0.5 ug of the biotinylated BIR3-clAP1 domain in 200 ul of TBS-T were
added to streptavidin-coated wells and incubated additionally for 1 h at RT. Following
incubation, the wells with immobilized target proteins were washed five times with TBS-T.
One hundred microliters of freshly prepared individual phage lysate was added to the ELISA
plate wells and incubated for 1 h at RT. Following incubation, unbound phages were washed
away with TBS-Tand the amount of retained phages was determined with phage-specific
antibodies. Monoclonal anti-M13 antibodies conjugated to horseradish peroxidase (HRP)
(Amersham Pharmacia) were used for detection of M13 phages.

Peptide ELISA

To study the interaction of the BIR3-clAP1 domain with the peptides selected in TAIS
experiments outside the phage context, all selected peptides as well their variants were
synthesized as C-terminally biotinylated peptides. Wells of microtiter plates were coated
passively with 2 ug of GST-BIR3—-clAP1 fusion as indicated above for phage ELISA.
Individual biotinylated peptides (30 ng) were pre-incubated with 1 ug of streptavidin-HRP
conjugate (Sigma) in 300 ul of TBS-T for 30 min at RT. One hundred microliters of the peptide-
streptavidin-HRP conjugate were added to 100 pl of TBS-T left in each coated well after the
final wash of the protein immobilization procedure. In the case of competition experiments,
the non-biotinylated Smac peptide AVPIAQKS or irrelevant peptide was added to the wells
in the amounts indicated in Figure 6 at this moment. Microtiter plates were incubated for 1 h
at RT and then washed five times with TBS-T. The amounts of peptides retained were
quantified colorimetrically by adding soluble HRP substrate (ABTS/H,0,). ELISA readings
were taken on a SpectraMAX190 plate reader (Molecular Devices) at 405 nm. To ensure
reproducibility, all peptide ELISA experiments presented were repeated at least three times.

Peptide Pull Downs

The 293 cell’s lysates were prepared by extraction of cultured cells in lysis buffer (150 mM
NaCl, 20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 5 mM EGTA, 10 mM NaF, 0.5% Na
deoxycholate, 1% Triton X-100) in the presence of a protease inhibitor cocktail (Roche, mini-
tablets). Following extraction on ice, the insoluble fraction was pelleted by centrifugation at
13 000 rpm at 4°C for 5 min. Individual biotinylated peptides (1.2 pg) were pre-immobilized
for 30 min at RT on 10 ul of streptavidin-coated beads (UltraLink, PIERCE) in separate 1.5
ml eppendorf tubes, washed three times with 1 ml of TBS-T and mixed with approximately
250 pg of the total lysate protein in 0.5 ml of TBS-T. The mixture was tumbled for 1 h at RT.
Ten microliters of beads without peptides were used as negative control. Following incubation,
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beads were washed five times with 1 ml of TBS-T and the retained proteins were eluted into
loading buffer at 70°C for 10 min. Precipitated protein complexes were separated by SDS—
PAGE (pre-cast 4-12% Bis-Tris gel/MOPS buffer, Novex), blotted to a PVDF membrane,
blocked in 1% BSA, and developed with specific antibodies. Twenty-five micrograms (10%)
of total cell lysate protein was used as input. HRP-conjugated secondary antibodies, the ECL
detection system (Amersham Pharmacia), and BioMax film (Kodak) were used for protein
visualization.

Phage display library, peptides, proteins and antibodies

A 12-mer random peptide library was kindly provided by Dr B. K. Kay (Argonne National
Laboratory). The GST-BIR3-cIAP1 fusion protein expression construct was a generous gift
by Dr C. Day (University of Otago, New Zealand). Synthetic peptides were purchased from
JPT Peptide Technologies GmbH (Berlin, Germany). Mouse monoclonal antibodies for human
clAP1 and XIAP proteins were obtained from BD Pharmingen and Stressgen, correspondingly.

RESULTS

TAIS: identification of unconventional BIR domain ligands

TAIS is a rapid and unbiased screening format for large molecular repertoires (Kurakin and
Bredesen, 2002). Detailed description of the method and relevant protocols pertaining to the
application of TAIS to phage surface display libraries can be found elsewhere (Kurakin et
al., 2004). In short, during the first pre-selection step, a protein target is immobilized on a solid
support, such as sepharose beads and incubated with a phage-displayed peptide library in
solution. After washing away unbound phages, the retained ones are eluted and plated on a
bacterial lawn. During the second step, the plaques of the pre-selected phage subset are
transferred from the bacterial lawn and immobilized onto a nitrocellulose membrane. The
protein target presented in a different molecular context and conjugated with a reporter, such
as AP, is used then as one-step detection reagent to identify the interacting plaques on the
membrane. The identities of the displayed polypeptides that interact with the target are deduced
by sequencing of the corresponding inserts of the phages from individual positive plaques.
Omitting a competition between phages altogether, TAIS eliminates propagation biases
inherent to classical phage display panning.

The library of random 12-mer peptides displayed as N-terminal fusions to the plll coat protein
of a filamentous phage was screened to select specific binders for the BIR3-clAP1 domain.
The peptide—plll fusions are synthesized inside the bacterial host as pro-polypeptides
containing a leader sequence that mediates export into the periplasmic space of bacteria where
the final phage assembly takes place. Following export the leader is cleaved off by processing
proteases, thus revealing the peptide sequences displayed. Due to the idiosyncrasy of the library
construct used in this work, all the peptides displayed on mature phages are presumed to have
NH,-SS... or NH,-SR... N-terminal sequences (Figure 1A) (Kay etal., 1996). Therefore, none
of the peptide ligands selected by the BIR3-clAP1 domain conforms to the known IBM
consensus, as defined by the current BIR domain recognition paradigm, A(K/T/V/1)(P/A/E)
(F/EN/SIY) (Figure 1B), neither they feature a critical alanine as their first residue.
Nevertheless, all peptides selected in the screen specifically bound to the BIR3-clAP1 domain
as confirmed by phage ELISA analysis (Figure 2).

Residue frequency patterning delineates two distinct specificity groups among BIR3-clAP1
peptide ligands

As the deduction of the recognition consensus of the BIR3-clAP1 domain from the sequences
selected did not appear straightforward, we devised a simple statistical procedure, residue
frequency patterning (RFP). First, we analyzed what types of amino acid residues are over-
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represented in the selected peptides, independent of their position within the individual
sequences. Second, we looked for repetitive patterns in the relative distribution of the
overrepresented residues within individual peptides. It has been noticed that the interaction
energy is not uniformly distributed over protein interaction interfaces, but tends to concentrate
in a few ‘hot spots’ (Stites, 1997). We rationalized that if each interaction interface is
characterized by its unique distribution of ‘hot spots’ it would be possible, given sufficient
statistics, to tease out the different patterns corresponding to different interfaces which may
potentially be present within the set of peptides selected in the screen. Figure 3A shows the
representation of all 20 natural amino acids within the 33 peptides selected by the BIR3-clAP1
domain relative to their average occurrence in the SWISS-PROT database. As a control, the
same type of analysis was performed on the peptide dataset of similar size that we reported
recently for the SH3 domains of CIN85/SETA protein (Kurakin et al., 2003). A higher than
threefold overrepresentation of proline (P) and arginine (R) in the control dataset is in
correspondence with the SH3-CIN85 recognition consensus, Px(P/A)XXR (Kurakin et al.,
2003) (Figure 3A). The twofold overrepresentation of cysteine (C) in the control came as a
surprise retrospectively, and the reason for this is currently under investigation. In the case of
the BIR3-clAP1 ligands, a remarkable ninefold over-representation of tryptophan (W) residue
suggested its critical role in the interaction. In fact, every peptide selected in the screen except
one has at least one W in its sequence and more than 30% of the peptides feature two
tryptophans. On the other extreme, cysteine was never observed in any of the 33 identified
peptides. The meaning of this observation is not clear at present. The small hydrophobic
residues A, G, and P occurred at frequencies significantly higher than the average. Analysis of
the patterns composed of W, A, G, and P residues within the peptides selected by BIR3-cIAP1
unambiguously revealed at least two specificity families of ligands, which henceforth we refer
to as the AVPW group and the SRVW group (Figure 3B). Notably, the AVPW ligands feature
a motif that is very similar to the known IBMs, albeit not positioned at the very N-terminus,
as required for IBMs.

AVPW:-type peptides require exposure of their IBMs for binding to BIR3-clAP1 domain

To test BIR domain-ligand interactions outside the context of the phage, we synthesized all
the selected sequences as biotinylated peptides and used peptide-streptavidin-HRP conjugates
as detection reagents to follow the interaction between synthetic peptides and a GST-BIR3-
clAP1 fusion passively immobilized on ELISA plates. To achieve a meaningful cross-
experiment comparison and high reproducibility, we followed the kinetics of peptide—domain
interactions, rather than relying on endpoint readout as an estimate of the number of complexes
formed. As a positive control, a number of known and putative BIR domain binders were
synthesized and tested in peptide ELISA assays (Figure 4A). The strong interaction of the
peptide derived from the N-terminus of Chk1 kinase with the BIR3-clAP1 domain, which is
a new finding revealed in the control experiments, is consistent with the recently reported
Chk1-XIAP interaction presumably mediated by the BIR domains of the XI1AP protein (Galvan
et al., 2004).

Quite unexpectedly, none of the synthetic peptides from the AVPW specificity group bound
the BIR3-clAP1 domain, while all of the peptides from the SRVW group retained their ability
to bind the target domain outside the phage context (not shown). Therefore, we selected one
representative member from each specificity group for a more detailed analysis, E92-
SSAAVPWGGKGLAA (AVPW group) and F42-SRVWKAPQY SDEFV (SRVW group) (see
Figure 2). Given the similarity between the AVPW motif and the previously reported IBMs,
we hypothesized that the peptides from the AVPW specificity group were most likely processed
in the context of the phage, thus exposing the IBM motif at their extreme N-termini. Indeed,
an N-terminal deletion analysis supports this hypothesis (Figure 4B). Omitting the first three
amino acids from the N-terminus of the E92 peptide and exposure of the AVPW motif restored
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binding of the E92 peptide. It should be noted that deletion of either two amino acids, which
results in the AAVPW N-terminus, or of four, leading to the VPW N-terminus, also gave rise
to peptides that bound the BIR3-clAP1 domain with appreciable affinities. Mass spectrometry
analysis of the respective peptide preparations revealed that, although the binding of the
AAVPWGGKGLAA truncation could be attributed, at least in part, to the presence of the
incomplete synthesis product AVPWGGKGLAA in the peptide preparation, the
VPWGGKGLAA peptide indeed bound the target domain (not shown). The results of the N-
terminal deletion analysis of synthetic peptides strongly suggest that the phage-displayed
peptides are processed to expose the AVPW motif required for binding. It is unlikely that the
AVPW motif is exposed due to random degradation of the N-termini when the peptides are
displayed on the phage, because all of the selected peptides but one feature an IBM in the same
position in relation to their N-termini. The latter fact is suggestive of a systematic processing
activity, presumably a protease. These results demonstrate that in certain cases a significant
discrepancy may exist between what is assumed to be displayed on the phage and what is
actually displayed.

SRVW-type ligands define a novel BIR3-clAP1-binding motif

To evaluate the contribution of individual residues of peptide ligands to binding, the F42
peptide was subjected to alanine-scanning mutagenesis and N- and C-terminal truncation
analyses. Alanine substitution of tryptophan at the +4 position of the ligand proved to be the
most detrimental for binding (Figure 5A). The ninefold over-representation of tryptophan
within the peptide sequences selected and the sensitivity of the interaction to the W — A
substitution at ligand position +4 strongly suggest a major energetic contribution of tryptophan
to binding, defining the +4 position as a ‘hot spot’ of the peptide-BIR3-clAP1 domain
interaction. This fact may help to rationalize the design of drugs targeting the BIR domain
interaction interface. The deletion of the N-terminal serine residue and the substitution of
proline at the +7 position attenuate but do not abolish the interaction. The C-terminal deletion
analysis appears to suggest that at least nine first residues of the F42 peptide are required for
its interaction with the BIR3-clAP1 domain. It should be pointed out, however, that the
detection system employed, which consists of the C-terminally biotinylated peptides
conjugated to STRAP complex, is likely to introduce a steric obstacle upon interaction of the
conjugated peptide ligands and BIR domain, especially when shorter ligands are assayed, and
thus is unsuitable for accurate evaluation of the footprint.

The conservation of the SR(V/P)W sequence at the N-termini of all the peptides in the
unconventional specificity group suggests a novel BIR3-clAP1 recognition motif, which has
not been reported before, thus expanding a spectrum of potential interacting partners of the
clAP1 protein. It is worth noting that the novel consensus is similar to Dronc-derived peptide
that binds to BIR2-DIAP1 domain, SRPPFISLNERR (Chai et al., 2003), and is reminiscent
of the neo-termini of processed caspases, SGVD (caspase 3), and SGPI (caspase 7) that have
been shown to bind BIR domains of XIAP (Riedl et al., 2001; Scott et al., 2005).

SRVW-type peptides compete with the Smac-derived peptide for binding to the BIR3-clAP1

domain

To ensure that the peptides selected by TAIS bound the known interaction surface on the BIR3-
clAP1 domain, we performed a series of competition experiments using the non-biotinylated
Smac-derived peptide as a competitor. The results presented in Figure 6 suggest that the F42-
SRVWKAPQYSDEFV peptide bound the same or a largely overlapping surface on the BIR3-
c-1AP1 domain as that bound by the Smac peptide. In fact, the Smac peptide efficiently
displaced all synthetic peptides from the SRVW specificity group as well as the control
peptides, suggesting a competition for the same binding groove (not shown).
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SRVW- and AVPW-type peptide ligands selectively interact with the endogenous full-length
clAP1 protein in cell lysates

To demonstrate that the peptides that bind the isolated BIR3 domain in vitro are able to interact
with the full-length clAP1 protein, we carried out pull-down experiments with the F42 and the
truncated E92 (AVPWGGKGLAA) peptides immobilized on streptavidin-coated beads. As
shown in Figure 7, both peptides precipitated clAP1 from cell lysates, albeit with different
efficiencies. The truncated E92 peptide, which features a classical IBM, also pulled down the
XIAP protein, presumably through interaction with its BIR domain(s). The fact that the AVPW-
type ligand precipitated virtually all clAP1 present in the lysate sample while pulling down
only about 10% of the available XIAP suggests a preference of the AVPW-type ligands for
the clAP1 BIR domain(s) combined with a relative promiscuity toward different BIR domains.
The SRVW motif failed to pull down XIAP and thus is likely to be specific for the BIR3-clAP1
domain only. Substitution of the critical tryptophan in the novel IBM abolished the interaction
with full-length clAP1 as expected.

The truncated E92 peptide (AVPWGGKGLAA) appears to interact with the full-length clAP1
protein significantly stronger than the FA42 peptide (Figure 7), despite the fact that both peptides
exhibit similar affinities for the isolated BIR3-clAP1 domain (Figure 4, compare A, pept. #7
and B, pept. #4). This apparent contradiction may be explained by the ‘two-pocket’ recognition
mechanism of BIR domain-ligand interaction proposed below. In short, the AVPW motif,
which features an N-terminal alanine, a known major contributor to the energetics of BIR
domain-IBM interactions, is likely to bind many different BIR domains and thus to act as a
relatively non-specific high-avidity binder for proteins-containing multiple BIR domains. On
the other hand, the SRVW-binding motif, which lacks the N-terminal alanine may be
exclusively specific for only the third BIR domain of clAP1, which may or may not be readily
available for interaction in the context of a full-length folded protein.

DISCUSSION

We screened an N-terminal 12-mer random peptide library displayed on a filamentous phage
using the BIR3-clAP1 domain as a target. Instead of the classical panning procedure, which
as a rule leads to propagation biases, a novel screening format, TAIS was employed (Kurakin
and Bredesen, 2002; Kurakin et al., 2004). As a result, we identified two distinct families of
peptide ligands, one family containing the expected IBM within its sequences and another
family featuring a novel-binding motif for the BIR3-clAP1 domain. Biochemical profiling of
the selected sequences with synthetic peptides, which included alanine-scanning mutagenesis
and N- and C-terminal deletion analyses as well as competition experiments with a Smac-
derived peptide, led us to the following conclusions:

i.  The selected peptides featuring conventional and unconventional IBMs bind
specifically to the BIR3-clAP1 domain in vitro with affinities comparable to those of
the Smac N-terminal peptide and of the processed caspase 9—derived peptide (Figures
4 and 5).

ii. Consistent with previous reports, exposure of the conventional IBM at the very N-
terminus of ligands is required for the BIR domain—peptide interaction to occur.

iii. Asnosignificant homology between the unconventional ligands selected in the screen
was observed beyond their first four amino acids, the novel minimal BIR3-clAP1-
binding motif is defined as SR(V/P)W.

iv. The position +4 within the novel IBM appears to represent a ‘hot spot’ of the BIR3-
clAP1 domain—peptide ligand interaction.
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v. Both conventional and unconventional IBMs interact with the full-length
endogeneous clAP1 in cell lysates. While the conventional IBM preferentially
interacts with clAP1, it also readily cross-reacts with XIAP, which is consistent with
the previous reports suggesting a relatively poor selectivity of conventional IBMs
toward different BIR domains. On the other hand, the unconventional IBM appears
to be specific for the clAP1 protein only.

Alanine-scanning analysis of the F42 peptide (unconventional ligand) showed that its
interaction with the BIR domain is sensitive to mutation of the ligand position +7. One plausible
hypothesis explaining this sensitivity is that the F42 peptide, and most likely the other peptides
from the unconventional specificity group that feature proline at the +7 position, may bind the
BIR3-clAP1 domain in two opposite pseudo-symmetrical orientations, with the central hook/
axis role played by the +4 tryptophan. This hypothesis is supported by the following
observations. First, the position +7 in peptides of the SRVW type exhibits a significant
preference for proline and is almost exclusively occupied by overrepresented small
hydrophobic residues, that is, P, A, or G. At the same time, the corresponding position in AVPW
peptides does not show any particular propensity for these residues. Second, the Dronc-derived
peptide, SRPPEISLNERR, which is reminiscent of SRVW type peptides, was recently shown
in structural studies to bind the BIR2 domain of DIAP1 in reverse orientation as compared to
conventional BIR ligands (Chai et al., 2003). Pertinently, the phenylalanine in the Dronc
peptide, identified as the most critical residue for binding, occupies a conserved pocket of the
BIR2-DIAP1 domain that is distinct from the classical alanine-binding site. Another critical
hydrophobic residue, leucine, anchors in the vicinity of the alanine pocket through networks
of van der Waals interactions. However plausible, our hypothesis of the two alternative
orientations of the SRVW type ligands requires experimental validation through structural
analysis.

Positions +1, +4, and +7 of the BIR3-clAP1 ligands are sensitive to either deletion (+1) or
alanine substitution (+4 and +7). It should be noted, however, that the deletions of the N-
terminal alanine and serine residues from the IBMs of the E92 truncation (AVPWGGKGLAA)
and F42 peptides, respectively, diminish but do not abolish their interaction with the BIR3-
clAP1 domain (see histograms in Figure 4B, column 5 and in Figure 5B, column 2). Similarly,
alanine substitution of the +7 proline in the F42 peptide does not abrogate binding completely;
only mutation of position +4 appears to disrupt the interaction. In natural IBMs, position +4 is
often occupied by aromatic residues such as F and Y, although other types of amino acid
residues are also observed (Figure 1B). Analysis of the reported structures of the BIR domains
complexed to their ligands indicates that the +4 residues of different IBMs occupy a structurally
conserved but chemically variable pocket on the surface of BIR domains, which is distinct
from the one occupied by the N-terminal alanine (Figure 8 and not shown). The importance of
both pockets for BIR domain-mediated interactions is underscored by the fact that the
peptidomimetics developed to disrupt BIR3-XIAP domain interactions target both of these
sites simultaneously (Oost et al., 2004). As a practically relevant model, we propose therefore
to consider two functionally distinct regions within the peptide-binding groove of BIR
domains. One of these regions is the classical ‘alanine pocket’ and the other one is a “specificity
pocket” interacting with the +4 residues of IBMs. Within this model, the peptide ligands
featuring an N-terminal alanine residue are expected to be relatively non-specific toward
different BIR domains, because the contribution of alanine to the overall binding energetics is
dominating, and most residue types are tolerated in the IBM positions following the N-terminal
alanine (Kipp et al., 2002). On the other hand, peptides featuring a non-alanine residue at their
extreme N-termini as well as ligands that may bind BIR domains in the orientation that is
opposite to the orientation of classical IBMs, as exemplified by the Dronc-derived peptide
(Chai et al., 2003), are expected to rely mainly on the interaction that involves their +4 residues
and the “specificity’ pocket of BIR domains, and thus to discriminate significantly better
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between different BIR domains. It is worth noting that the potential communication between
these two pockets, which share common residues, is likely to regulate their occupancy in an
interdependent fashion (Figure 8).

The numerous biochemical and structural studies focused on the BIR domain peptide
recognition mechanism gradually led to the emergence of an IBM paradigm: “...The IBM, is
defined by an unmodified alanine residue at the N-terminus of the protein (which can be
generated by post-translational cleavage or by removal of the initiator methionine) and can be
identified by the pattern A(K/T/V/1)(P/A/E)(F/IE/N/SIY)’ (Vaux and Silke, 2005). Though
undoubtedly useful for the identification of a certain set of proteins that interact with IAPs in
a BIR domain-dependent manner, the IBM paradigm tends to deter researchers from
entertaining the possibility of alternative modes of BIR domain-ligand interactions and
alternative classes of IBMs. It is our opinion that the IBM paradigm in its current form implies
and thus concentrates research efforts more on the similarities rather than on the differences
in the regulation/function of the distinct BIR domains and IAPs. However, accumulating
experimental evidence suggests a critical importance of the differences: (i) Smac/DIABLO
appears to selectively reduce levels of clAP1 and clAP2 but not that of XIAP in cultured cells
in an IBM-dependent manner (Yang and Du, 2004); (ii) clAP1 interacts with caspase 7 in an
exclusively IBM-dependent, but active site independent, manner (as does its Drosophila
homolog DIAP1 but not clAP2, which fails to interact with the IBM of caspase 7 altogether
(Tenev et al., 2005)). At the same time, XIAP appears to inhibit caspase 7 in a two-site
interaction mechanism involving both the IBM and the active site of the caspase (Scott et al.,
2005); (iii) the overexpression of the IAP antagonists HID and Reaper, which are believed to
act through an analogous IBM-dependent mechanism, exert diametrically opposite effects in
fly cells carrying a DIAP1 RING mutant protein, reducing and increasing sensitivity to
apoptosis, correspondingly (Vaux and Silke, 2005). To explain the daunting complexity and
often seemingly contradictory observations pertaining to the biology of BIR domains may
require systematic studies focused on differential recognition properties and functions of
different BIR domains within the same protein, as well as of different BIR domains within the
individual 1AP family members.
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B AVPIAQKSEP
AVPSPPPASP
AKPFVPNVHA
ATPFQEGLRT
AVAFYIPDQA
AVPFYLPEGG
AIAYFIPDQA
ATPFFEEEHA
AKPEDNESCY

Figure 1.
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Page 12

cleavage site

S (S/R) XXXXXXXXXXXXSRPSRTVES. .

displayed peptide plll

hSmac
hOmi
hGSPT1
hC9
Reaper
HID
Grim
Sickle
Jafrac2

Comparison of the known IBMs and the phage-displayed peptide library used. (A) Due to
insertion of a randomized cassette between the leader peptide sequence and the plll protein of
M13 phage, all the peptides displayed in the library used in this work are flanked by S(S/R)
and SR amino acid pairs, reflecting the identities of the respective restriction sites used to insert
the cassette (Kay et al., 1996). (B) Sequences of the known mammalian and fly IBMs.
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B Streptavidin + BIR3-¢cIAP1-biotin

[J Streptavidin

B GST-BIR3-cIAPI

GST-SH3C-CAP
Figure 2.
Example of individual phage ELISA. Phages from individual positive plaques from a TAIS
experiment were tested for binding to the indicated proteins immobilized on microtiter plates.
A representative example of 24 phages out of approximately 96 is shown. The two sequences

indicated, E92 and F42, were selected for detailed biochemical profiling (see text and other
figures). The y axis on the histograms indicates A values at 405 nm.
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Figure 3.
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Residue Frequency Patterning: (A) The relative frequency distribution of individual amino
acids within the peptides selected by the BIR3-clAP1 domain (black columns) as compared to
the analogous distribution within the peptides selected by the SH3 domains of CIN85/SETA
(gray columns) is shown. The y axis indicates the ratio of individual amino acid frequencies
in the experimental dataset to the frequencies of the same amino acids in the SWISS-PROT
database. (B) The positional patterns of overrepresented residues within the BIR3-clAP1
selected peptides define two specificity groups, AVPW and SRVW.
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.AVPFVEDW (Chkl)
.SSAAVPWGGKGLAA (E92)
.SRVWKAPQYSDEFV (F42)
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13.Negative control

50

Figure 4.

Controls and N-terminal deletion analysis of the E92 (SSAAVPWGGKGLAA) peptide.
Interaction histograms of control peptides (A) and N-terminal truncations of the E92 peptide
(B) are shown. The sequences indicated were synthesized as biotinylated peptides, conjugated
to streptavidin-HRP and tested for their binding to the GST-BIR3-clAP1 fusion passively
immobilized on a microtiter plate. The y axis indicates relative ELISA kinetics slopes expressed
in arbitrary units. Error bars correspond to the SD of the mean for triplicate samples.
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Figure 5.

Biochemical profiling of the F42 (SRVWKAPQYSDEFV) peptide ligand. (A) Alanine
scanning mutagenesis. (B) N-terminal deletion analysis. (C) C-terminal deletion analysis. The
sequences indicated were synthesized as biotinylated peptides, conjugated to streptavidin-HRP
and tested for their binding to the GST-BIR3-clAP1 fusion passively immobilized on a
microtiter plate. The y axis indicates relative ELISA kinetics slopes expressed in arbitrary units.
Error bars correspond to the SD of the mean for triplicate samples.
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Figure 6.

The Smac peptide (AVPIAQKS) competes with the F42 (SRVWKAP-QYSDEFV) peptide for
binding to the BIR3-clAP1 domain. Equivalent amounts of a caspase 9-derived peptide
(ATPFQEGL) (triangles), F42 peptide (dots), and Dronc peptide (SRPPFISLNERR)
(crosses) were conjugated to streptavidin-HRP and incubated with the BIR3-clAP1 domain
immobilized in microtiter plate wells in the presence of the indicated amounts of non-
biotinylated Smac peptide. As a control, the competition between the F42 peptide and an
irrelevant non-biotinylated peptide was assayed in the same manner (boxes). The amount of
peptides that remained in the wells after the incubation and washing steps was determined
colorimetrically by following the kinetics at 405 nm for triplicate samples. Error bars indicate
standard error of the mean. Values were normalized to the binding levels measured in the
absence of non-biotinylated peptide competitor (not shown).
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AVPW
SRVW
SRVA
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Figure 7.
Affinity precipitation of clAP1 and XIAP from cell lysates with the E92 truncation

(AVPWGGKGLAA), the F42 (SRVWKAPQY SDEFV) peptide, and the W — A F42 mutant
(SRVAKAPQYSDEFV). Approximately 250 pg of total protein from a 293 cell lysate were
incubated with 1.2 ug of the indicated peptides immobilized on streptavidin-coated beads. The
bound proteins were resolved by SDS-PAGE and immunoblotted with a clAP1 monoclonal
antibody. The same blot was re-probed with a XIAP monoclonal antibody. The input lane
contains 10% of the lysate protein used in the pull-down experiments.
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A 1G3F: XIAP-BIR3 + AVPIAQKSE (Smac) 1JD86: DIAP1-BIR2 + AVPEYLPEGG (HID)
B 111 11 1 1 1
4 444 444
* * khkhkkk * * *

XIAP-BIR3  ..LARAGFYALG E----GDKVK CFHCGGGLTD WKPSEDPWEQ HAKWYP---G..
DIAP1-BIR2 ..LAEAGFFYTG V----GDRVR CFSCGGGLMD WNDNDEPWEQ HALWLS---Q..
2497242/1-0 ..LSEAGFVFTG K----QDTVQ CFSCGGCLGN WEEGDDPWKE HAKWFP---K..
2497242/2-0 ..LAKAGLFYTG I----KDIVQ CFSCGGCLEK WQEGDDPLDD HTRCFP---N..
2497236/3-0 ..LAKAGFYYIG P----GDRVA CFACGGKLSN WEPKDNAMSE HLRHFP---K..
2497240/1-0 ..VAKAGLDDLG T----ADKVA CVNCGVKLSN WEPKDNAMSE HRRHFP---N..
2134780/1-0 ..LASAGLYYTG I----GDQVQ CFCCGGKLKN WEPCDRAWSE HRRHFP---N..
1170470/1-0 ..MAKNGFYYLG R----SDEVR CAFCKVEIMR WKEGEDPAAD HKKWAP---0Q..
1170471/1-0 ..MAASGFYYLG R----GDEVR CAFCKVEITN WVRGDDPETD HKRWAP---0Q..
2133636/1-0 ..LAKAGFYYLN R----LDHVK CVWCNGVIAK WEKNDNAFEE HKRFFP---0Q..
2497243/1-0 ..LAQTGMYFTH A----GDKVK CFFCGVEIGC WEQEDQPVPE HQRWSP---N..
1170470/2-0 ..MADAGFFYTG Y----GDNTK CFYCDGGLKD WEPEDVPWEQ HVRWFD---R..
2497236/1-0 ..LASAGFYYVG N----SDDVK CFCCDGGLRC WESGDDPWVQ HAKWFP---R..
2133636/2-0 ..LAQAGLYYQK I----GDQVR CFHCNIGLRS WQKEDEPWFE HAKWSP---K..
1469005/1-0 ..LARAGFYSTA SPEF-PASAK CPFCMLEINF E-QCDDPWEK HKSGSP---H..
1469005/2-0 ..LAKAGWFSIA NKKD-KTSAK CPFCLVELDF D-ESDDPWEE HQKFSA---S..
1403290/1-0 ..VAQAGFYCTG ——-—— PQOSGK CAFCNKELDF D-PEDDPWYE HTKRDE---P..
2134780/3-0 ..LARAGFLYTG E----GDTVR CFSCHAAVDR WQYGDSAVGR HRKVSP---N..
2497236/2-0 ..LARAGFYYTG V----NDKVK CFCCGLMLDN WKRGDSPTEK HKKLYP---S..
419123/1-0 ..IAEAGLFYTG R----GDETV CFFCDCCVRD WHTNEDTWQR HAAENP---Q..
2497245/1-0 ..IAEAGMFHTM L----GDETA CFFCDCRVRD WLPGDDPWQR HALANP---0Q..
1353180/1-0 ..LSRAGFIYLN I----GDQVQ CFYCDLKLKE WKRSDNPFEE HKKHTQ(4)N..
2315863/1-0 ..MAEAGFIHCP TENE-PDLAQ CFFCFKELEG WEPDDDPIEE HKKHSS---G..
2497242/3-0 ..MAAAGFYFTG V----KSGIQ CFCCSLILFG AGLTRLPIED HKRFHP---D..
2370513/1-0 ..LATVGFYYNP I(7)RLDNVT CYMCTKSFYD WEDDDDPLKE HITHSP---S..
2370513/2-0 ..MAASGFVYNP T-ADAKDAAH CLYCDINLHD WEPDDDPYTE HKRRRA---D..
419123/2-0 ..LIVNGFKYNQ V----DDHVV CEYCEAEIKN WSEDECIEYA HVTLSP---Y..
2497247/1-0 ..FSNAGLFYTS --——- PTEIT CYCCGMKFCN WLYEKHPLQV HGFWSR---N..

Figure 8.

The hypothetical ‘two-pocket’ recognition mechanism employed by BIR domains. (A)
Structures of BIR3-XIAP and BIR2-DIAP1 domains complexed with Smac and HID peptides,
correspondingly. The smaller oval indicates the alanine pocket and the larger oval indicates a
proposed specificity pocket (see Discussion section). The first and the fourth residues of the
peptide ligands are shown in ball and stick representation. (B) Partial alignment of the BIR
domain family from the SMART database. ‘1’ denotes BIR domain residues that are less than
5 A away from the N-terminal alanine of the peptide ligands on the structures shown. ‘4’
indicates BIR domain residues that are less than 5 A away from the residue at the position +4
of the peptide ligands. Residues that have intermolecular NOEs to the Smac peptide are
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indicated with asterisks (Liu et al., 2000). Highlighted in gray are residues that may constitute

the hypothetical specificity pocket. Visualization was done with the WebLab™ ViewerL ite 3.2
software.
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