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ABSTRACT 

Inhibitor of apoptosis proteins (IAPs) are important regulators of apoptosis and pro-survival 

signaling pathways, whose deregulation is often associated with tumor genesis and tumor 

growth. IAPs have been proposed as targets for anticancer therapy and a number of 

peptidomimetic IAP antagonists have entered clinical trials. Using our fragment-based 

screening approach, we identified non-peptidic fragments binding with millimolar affinities 

to both cellular inhibitor of apoptosis protein 1 (cIAP1) and X-linked inhibitor of apoptosis 

protein (XIAP). Structure-based hit optimization together with an analysis of protein-ligand 

electrostatic potential complementarity allowed us to significantly increase binding affinity of 

the starting hits. Subsequent optimization gave a potent non-alanine IAP antagonist 

structurally distinct from all IAP antagonists previously reported. The lead compound had 

activity in cell-based assays and in a mouse xenograft efficacy model and represents a highly 

promising start point for further optimization. 
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INTRODUCTION 

Evasion of apoptosis is one of the hallmarks of cancer1 and can be achieved by over 

expression of anti-apoptotic proteins. Inhibitor of apoptosis proteins (IAP), such as cellular 

IAP1 (cIAP1) and X-linked IAP (XIAP), are key regulators of anti-apoptotic and pro-survival 

signaling pathways.2 Their deregulation occurs in various cancers and is associated with 

tumor growth, poor prognosis and resistance to treatment, making them attractive targets for 

anti-cancer therapy.3 

IAPs are characterized by baculovirus IAP repeat (BIR) domains which mediate protein-

protein interactions; some members of the family such as cIAP1 and XIAP also possess 

RING (Really Interesting New Gene) zinc finger domains with E3 ubiquitin ligase activity.4 

XIAP exerts anti-apoptotic activity by binding and inactivation of caspases 3, 7 and 9 via its 

BIR domains; caspases 3 and 7 bind to the linker between BIR domains 1 and 2, whilst the 

N-terminal ATPF sequence of caspase 9 is bound in the peptide binding groove of the BIR3 

domain.5 As well as inhibiting apoptosis through the inactivation of caspases, other IAPs (in 

particular cIAP1 and 2) affect the balance between pro-apoptotic and pro-survival signaling, 

promoting the formation of complex I6 in response to TNFα, which activates survival 

signaling through the canonical NF-κB pathway.7 Second Mitochondria derived Activator of 

Caspases (SMAC) is an endogenous IAP antagonist, which is released from mitochondria on 

induction of apoptosis. SMAC binds to the BIR domains of IAPs and can disrupt interactions 

between XIAP and caspases.8 SMAC binding to cIAP1 induces a conformational change 

which activates its E3 ligase function, leading to rapid autoubiquitinylation and proteasomal 

degradation.9 Following removal of cIAP1, RIPK1 recruits FADD and caspase-8 to form 

complex-IIB, leading to a switch in TNFα signaling from pro-survival to pro-apoptotic.10 

This loss of cIAP1, combined with antagonism of XIAP-mediated caspase inhibition, leads to 

a sustained pro-apoptotic effect in the presence of TNFα, suggesting that tumors with 
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sufficient levels of TNFα in their environment may be particularly susceptible to IAP 

antagonism. It has been suggested that potent and dual cIAP1/XIAP antagonists are more 

efficient in activating apoptosis than unbalanced cIAP1 antagonists.11 

The endogenous ligand SMAC binds to the BIR3 domains of cIAP1 and XIAP via its N-

terminal peptide sequence AVPI.8b This tetrapeptide motif has provided the starting point for 

various peptidomimetic approaches12 which have resulted in the discovery of several 

monovalent and bivalent clinical candidates,13 some of which are illustrated in Figure 1.  

 

Figure 1. IAP antagonists in clinical trials showing derivation from SMAC N-terminal 

sequence AVPI. 

AVPI itself can bind to the BIR3 domain of cIAP1 or XIAP (cIAP1-BIR3, XIAP-BIR3) 

occupying subpockets P1-P4 (Figure 1), and shows 18 fold selectivity for cIAP1-BIR3 over 

XIAP-BIR3. This intrinsic selectivity is mainly due to the differential interactions formed by 

the alanine residue in the P1 pocket of the BIR3 domains of XIAP and cIAP1 and is usually 

maintained in alanine-based SMAC mimetic inhibitors. 
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Fragment-based drug discovery (FBDD) has become both a complementary and an 

alternative approach to more traditional drug discovery methods (e.g. high-throughput 

screening, peptidomimetics) for the generation of chemical leads,14 particularly for 

challenging and less tractable targets such as Protein-Protein Interaction (PPI) targets.15 Astex 

Pharmaceuticals has applied its FBDD technology platform (PyramidTM)16 to a range of target 

classes and, in this paper, we describe the use of PyramidTM to identify new non-alanine hits, 

with the potential to be developed into potent and balanced XIAP and cIAP1 antagonists. 

FRAGMENT SCREENING 

The Astex fragment library and a focused fragment set containing 100 fragments selected by 

virtual screening were screened against XIAP-BIR3. The first step of the screening cascade 

was based on observing protein signals in 1D NMR experiments. Ligand-detected NMR 

methods, such as LOGSY or STD-NMR that are commonly used to detect fragment binding, 

were found to be relatively insensitive for XIAP due to the small size of the protein (11.8 

kDa). A protein concentration of 200 µM allowed the use of the protein 1H-NMR spectrum to 

detect fragment binding by monitoring the chemical shifts and linewidths of XIAP-BIR3 1H 

signals with δ <0.4 ppm. NMR signals in this chemical shift range arise from strongly 

shielded protons in aliphatic side chains. None of the fragment 1H NMR spectra had signals 

in this region. In addition the range δ   9.8-10.4 ppm was also monitored; in XIAP-BIR3 this 

region contains four signals, arising from the indole NH protons of tryptophan side chains, 

two of which are in the binding pocket of interest. Both of these regions of the NMR 

spectrum contain a number of signals which are strongly affected by the binding of SMAC-

derived peptides with sequences AV, AVP and AVPI and so were also expected to be 

sensitive to fragment binding in the canonical AVPI pocket (data not shown). In total, 1151 

fragments were screened against XIAP-BIR3 in cocktails of two. In order to detect very 

weakly-binding hits, each fragment was present at a concentration of 10 mM. We believe that 
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under these conditions it was possible to detect ligands binding to XIAP-BIR3 with 

dissociation constant (Kd) of 30 mM or better.  

Figure 2 shows representative XIAP-BIR3 1H NMR spectra obtained during fragment 

screening. Figure 2A shows overlaid spectra (δ 0.4-0.3 ppm) from cocktails which contain no 

fragment hits. In contrast Figure 2B shows the same spectral region from samples containing 

hits. A number of signals shift and gain intensity as fragments bind, presumably as a result of 

changes in conformation and mobility of amino acid side chains around the AVPI pocket of 

XIAP-BIR3. 

 

Figure 2. Overlaid 1H NMR spectra of XIAP-BIR3 in the presence of fragment cocktails: (A) 

containing no hits and (B) containing hits. 

 

Cocktails which contained hits were deconvoluted and fragments responsible for the shift 

changes were identified and further characterized by a 1H-15N HSQC NMR experiment using 

15N labeled XIAP-BIR3 (data not shown). 

An X-ray based fragment screen of XIAP-BIR3 was also undertaken using crystals of XIAP-

BIR3 (residues 250-354) grown in the absence of compound (for details, see Experimental 

Section). Fragments were soaked into crystals for 24-72 hours either as singletons (at 50-100 
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mM fragment, 5-10% DMSO) or doublets (2 x 50 mM, 10% DMSO). In addition, fragment 

hits, previously identified by NMR screening and/or high concentration bioassay, were 

soaked into XIAP crystals.  

Description of fragment hits 

The majority of the fragment hits contained small primary or secondary aliphatic amines, 

consistent with the known binding site preference for N-terminal alanine-containing peptides. 

The chemical structures for four fragment hits from the focused fragment set are reported in 

Table 1, together with IC50 values or %I for the BIR3 domains of XIAP and cIAP1. The 

binding modes were determined by X-ray crystallography. 

Table 1. Chemical structures of four hits from fragment screening against XIAP-BIR3 with 

binding affinity for the BIR3 domains of XIAP and cIAP1. 

Compound Structure 
XIAP-BIR3a 

IC50 (µM) or %I 

XIAP-BIR3 LEb 
(kcal mol-1 per 
non-H atom) 

cIAP1-BIR3a 

IC50 (µM) or %I 

1 

 

38% at 5 mM <0.21 16% at 5 mM 

2 

 

33% at 5 mM <0.26 55% at 5 mM 

3 

 

1200 0.30 24 

4 

 

110 0.42 27 

a Values were determined by fluorescence polarization assay (see Experimental Section). 

Potency data are reported as the mean of at least two runs. b Values calculated according to 

the Hopkins formula.17 
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Compounds 1 and 2 are weakly binding fragments with affinities above 5 mM for both 

XIAP-BIR3 and cIAP1-BIR3. Their detection was only possible because of the high 

sensitivity of X-ray crystallography and NMR techniques used in the fragment screening. 

Ligand efficiencies (LEs)17 are low and inferior to the LE values observed for the alanine 

based fragments 3 and 4. The binding mode for compound 1 in the BIR3 domain of XIAP is 

shown in Figure 3A. The piperazine ring lies in the P1 pocket with the protonated nitrogen 

forming a bidentate hydrogen bond interaction with the Glu314 side chain and the backbone 

carbonyl of Asp309. The carbonyl of the central amide forms a hydrogen bond with the 

backbone NH of Thr308 and, in addition, the piperidine ring stacks against the side chain of 

Trp323 in the P3 pocket. Piperazine containing molecules have been independently identified 

in a biophysical screen of a XIAP-BIR3 G306E mutant,18 but subsequent optimization was 

not described.  

The piperidine ring of compound 2 also forms a bidendate hydrogen bond interaction in the 

P1 pocket of XIAP-BIR3 similar to that observed for compound 1 (see Figure 3B). The 

bromo-pyrazole is in van der Waals contact with the side chain of Leu307 and forms an edge-

to-face aromatic interaction with Trp323, while the non-substituted pyrazole nitrogen forms a 

hydrogen bond with the backbone NH of Thr308. 

Fragment 3 is an alanine-valine dipeptide, which binds to the P1 and P2 pockets of XIAP-

BIR3 (Figure 3C). The positively charged primary amine of the alanine forms a charge-

charge interaction with the carboxylic group in the side chain of Glu314 and an additional 

hydrogen bond with the side chain of Gln319. The methyl group of the alanine inserts into 

the small P1 hydrophobic pocket where it stacks on top of Trp310. The valine forms two β-

sheet-like hydrogen bonds with Thr308. The binding mode of 3 is consistent with X-ray 

crystal structure of the N-terminal sequence of SMAC bound to XIAP-BIR3.8b 
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Compound 4 is another example of an alanine-like fragment identified from the screen, where 

the alanine recognition is similar to that observed for fragment 3. The pyridine ring stacks on 

the top of Leu307 and forms an edge-to-face aromatic interaction with the side chain of 

Trp323, whilst the pyridine nitrogen is hydrogen bonded to the backbone NH of Thr308. 

Heterocycles properly functionalized with an alanine warhead similar to compound 4 have 

previously been reported to bind to XIAP-BIR3 with similar affinity to the natural AVPI 

peptide.19 

All alanine based hits from our screen are characterized by relatively high LE for both XIAP 

and cIAP1, but these fragments show an unbalanced profile with greater than 10 fold 

selectivity towards cIAP1. We reasoned that their optimization could lead to compounds with 

a biological profile similar to peptidomimetics currently in clinical development. Non-alanine 

fragment hits based on the piperazine or piperidine scaffold are weak binders of both XIAP 

and cIAP1, with LEs well below the benchmark value of 0.3. However, we were interested to 

explore their potential as a starting point for a more balanced dual XIAP and cIAP1 

antagonist. In this paper we report the optimization of fragment 1 into a lead molecule with in 

vivo antitumor activity.  
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Figure 3. X-ray crystal structures of fragments 1 - 4 bound to XIAP-BIR3 (A to D 

respectively). The purple mesh represents the initial electron density map (Fo – Fc maps 

contoured at 1σ and clipped around the ligand) and hydrogen bonds are shown as dashed red 

lines. 

PIPERAZINE FRAGMENT OPTIMIZATION 

Comparison of the binding mode of fragment hit 1 with that of alanine fragment hits 3 and 4 

provided a good hypothesis for improving affinity. The crystal structure of XIAP-BIR3 with 

1 shows that the piperazine does not fill the small lipophilic pocket in P1, where the alanine 

methyl side chain binds forming a van der Waals contact with the Trp310 side chain. An 

overlay between fragment 1 and Ala-Val 3 led to the design and synthesis of compound 5, 

where the carbon adjacent to the piperazine nitrogen has been substituted by a methyl group, 
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in order to increase the contacts with the P1 pocket. Compound 5 showed improved potency 

and LE and its superior filling of the P1 pocket was confirmed by crystallography (see Figure 

4).  

 

Figure 4. Compound 5 affinity data and binding mode in XIAP-BIR3 as determined by X-

ray crystallography showing good shape complementarity in the P1 pocket between the 

Connolly surfaces of protein (solid gray) and the Connolly surface of the ligand (orange 

mesh). 

 

The next design iteration investigated a selection of tertiary amides to replace the pyrrolidine 

in compound 5. A small virtual library (Heavy Atom Count < 24 and ClogP < 3) was 

designed, in order to identify side chains which could form good interactions with the P3 

pocket and also could provide good vectors to allow entry into the P4 pocket. All the 

members of the virtual library were docked against XIAP-BIR3. Binding modes were 

visually inspected and 30 compounds were selected for synthesis. Compounds were prepared 

by coupling 2-[(3R)-4-[(tert-butoxy)carbonyl]-3-methylpiperazin-1-yl]acetic acid (6, R2 = H, 

see Figure 5) with a range of aliphatic and aromatic amines, and subsequently removing the 

Boc protecting group.  
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Figure 5. Retrosynthetic analysis for non-alanine IAP antagonists. Protected piperazine-

carboxylic acids (see Scheme 1) and bicyclic amines (see Scheme 3) are coupled together 

before final Boc deprotection. 

 

The resulting compounds were initially evaluated using fluorescence polarization (FP) assays 

and X-ray crystal structures were attempted by soaking to confirm binding to XIAP-BIR3. 

Unfortunately, all members of the compound set showed potencies which were comparable 

or inferior to compound 5, and improvements in binding affinity and LE were not achieved. 

However, it was possible to obtain X-ray crystal structures of some members of the set bound 

to XIAP-BIR3. In particular the structure of indoline 7 (Table 2 and Figure 6) is in good 

agreement with the design hypothesis; the piperazine warhead forms the same interactions as 

the optimized fragment 5 and the indoline side chain binds to the P3 region as expected from 

the modeling.  
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Figure 6. (A) Orthogonal views of compound 7 (green) bound to XIAP-BIR3 as determined 

by X-ray crystallography. The Connolly surface of the protein is colored by electrostatic 

potential (red = negative, blue = positive) and ligand Cresset field points as colored spheres 

(red = positive, blue = negative, orange = lipophilic). (B) Plots of Hammett σp coefficients 

versus XIAP-BIR3 affinities for C-6 substituted indolines 7 - 16. (C) XIAP-BIR3 affinity 

data for compounds 8 and 17 with comparison of molecular electrostatic potential surfaces. 

 

We investigated the electrostatic environment of the XIAP-BIR3 binding pocket, in order to 

explain the lack of improved affinity for compound 7 (XIAP-BIR3 52% at 495 µM, cIAP1-

BIR3 42% at 495 µM). The electrostatic potential map obtained for the XIAP-BIR3 binding 

Page 13 of 45

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 14 of 45 
 

site (see Figure 6A) clearly indicated an electronegative patch in the P3 sub-pocket which is 

due to the presence of the backbone carbonyl of Gly306 and the phenolic oxygen in the side 

chain of Tyr324. The X-ray crystal structure of compound 7 showed that the aromatic portion 

of the indoline ring stacks on the top of the negative patch. In order to understand this 

interaction, the molecular electrostatic potential of 7 was calculated with the XED force-

field,20 which uses off-atom charges for better representation of electron anisotropy around 

the ligand. Subsequently, negative and positive electrostatic field points were derived using 

Cresset technology.21 Figure 6A shows that the π-cloud of the indoline ring (represented by 

negative field points above and below the aromatic ring) stacks on the top of the negative 

patch on the protein surface, generating a potential electrostatic repulsion between ligand and 

protein, which could explain the low affinity of compound 7. 

In order to test this hypothesis, the electronegativity of the indoline π-clouds was modulated 

by functionalizing the indoline C-6 with a range of electron-withdrawing and electron-

donating substituents (Figure 5; R1 = R2 = H, X = CH). Hammett σp values were used to 

guide the selection of the substituents.22 The resulting SAR is summarized in Table 2 and 

Figure 6B.  
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Table 2. XIAP-BIR3 affinity of substituted indolines 7 - 16 

 

Compound R Hammett σp 
XIAP-BIR3a IC50 

(µM) or %I 

XIAP-BIR3 LEb 
(kcal mol-1 per 
non-H atom) 

7 (23050) -H 0.00 52% @ 495 µM ~0.24 

8 (23307) -NH2 -0.66 56% @ 1000 µM ~0.20 

9 (23305) -OMe -0.27 49% @ 155 µM ~0.25 

10 (23306) -Me -0.17 46 0.30 

11 (23352) -iPr -0.15 59 0.26 

12 (23330) -F 0.06 51 0.29 

13 (23304) -Cl 0.23 13 0.33 

14 (23132) -Br 0.23 9.8 0.34 

15 (23488) -CF3 0.54 5.9 0.31 

16 (23561) -SO2Me 0.72 4.1 0.32 

a See footnote to Table 1 

 

XIAP-BIR3 binding affinities are highly sensitive to the electronic properties of the indoline 

π-system, with electron-poor indolines (e.g. 15 and 16) being two orders of magnitude more 

potent than electron-rich indolines (e.g. 8 and 9). This dependency is also shown in Figure 6B 

where binding affinities correlate well with relative Hammett substituent constants σp. 

Interestingly, the unsubstituted indoline 7 appears to be an outlier. This discrepancy could be 

explained by the van der Waals contribution to binding of the different substituents which is 

absent for the unsubstituted indoline 7. 
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Electrostatic potential surfaces generated with ab initio methods also suggested that it was 

possible to further discharge the π-cloud of the indoline by introducing a nitrogen into the 

aromatic ring (see Figure 6C). Based on this observation compound 17 was synthesized 

bearing a chloro substituent suitable for further elaboration to access the P4 pocket. Whilst 

the binding modes of 17 and 7 are very similar (Figure 7B), careful optimization of the 

electrostatic interaction between ligand and protein has enabled a >50 fold jump in potency 

both for XIAP-BIR3 (IC50 = 7.7 µM, LE = 0.35) and cIAP1-BIR3 (IC50 = 20 µM, LE 0.32) 

without dramatically changing the size of the ligand. The aza-indoline scaffold also has a 

positive impact on the lipophilicity of ligand 17, which has a ClogP of 1.1 and a LLEAstex 

value23 of 0.35 (based on XIAP-BIR3 IC50). Importantly, 17 had a balanced XIAP/cIAP1 

antagonist profile, vindicating the original decision to pursue a non-alanine fragment hit. The 

balanced profile of the piperazines can be rationalized by the fact the piperazine warhead 

forms two similar polar interactions in the P1 pockets of both XIAP-BIR3 and cIAP1-BIR3: a 

salt bridge to Glu314 for XIAP-BIR3 or Asp314 for cIAP1-BIR3 and an H-bond interaction 

with the backbone carbonyl of Asp309 for XIAP-BIR3 or Cys309 for cIAP1-BIR3 (see 

Figure 7). In contrast, the recognition of the alanine warhead (as shown for fragment 3 in the 

P1 pocket of cIAP1-BIR3) is driven by two charge-charge interactions to Asp309 and 

Glu319, while in the P1 pocket of XIAP-BIR3 only a single charge-charge interaction is 

possible, namely to Glu319. 
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Figure 7. Comparison of binding modes of alanine 3 and piperazine 17 in XIAP-BIR3 (A 

and B respectively) as determined by X-ray crystallography. Key residue changes for cIAP1 

vs. XIAP are shown in orange and hydrogen bonds are shown as purple dashed lines. 

 

The interaction between the indoline side chain and the P3 pockets of XIAP-BIR3 and 

cIAP1-BIR3 was further optimized by introducing two methyl groups at C-3 of the bicycle, 

with the aim of increasing the van der Waals contact with Trp323. This change was also 

introduced to discharge the risk of metabolic oxidation of the indoline to the indole. Indoline 

18 showed modestly improved potency compared to the non-methylated analog 13 (see Table 

3) and its binding mode in XIAP-BIR3 was consistent with the other indolines (Figure 8A-

B). The overlay between the XIAP-BIR3 structure of compound 18 and the tetrapeptide 

AVPF (see Figure 8A) shows that both P2 and P4 pockets could be targeted by 

functionalizing C-2 of the piperazine and C-6 of the indoline scaffold respectively. These 

design ideas were tested by preparing compounds 19, 20 and 21 (see Table 3).  
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Figure 8. (A) Overlay of X-ray crystal structures of compound 18 (orange) and AVPF (cyan) 

bound to XIAP-BIR3. (B) and (C) Comparison of X-ray crystal structures of compounds 20 

and 21 respectively, showing the effect of Lys297 side chain orientation on the size of the P4 

pocket. 
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Table 3. XIAP-BIR3 and cIAP1-BIR3 binding affinity data for compounds 18-21. 

Compound Structure 
XIAP-BIR3a 

IC50 (µM) 

XIAP-BIR3 LE 
(kcal mol-1 per 
non-H atom) 

cIAP1-BIR3a 

IC50 (µM) 

18 

 

5.5  0.33 3.7 

19 

 

1.5 0.32 0.65 

20 

 

0.64 0.34 0.32 

21 

 

0.16 0.30 0.01 

Debio-1143 See Figure 1  70% at 0.05 µM >0.24 98% at 0.01 µM 

a see footnote to Table 1. 

 

In compounds 19 and 20 the methoxymethyl side chain was introduced trans at the piperazine 

C-2 and a jump in potency was observed, with compound 20 being the first compound with 

sub-micromolar potency for both IAPs. The X-ray crystal structure of compound 20 

confirmed the expected binding mode where, interestingly, the P4 pocket is not available 

because it is occupied by the side chain of Lys297 (see Figure 8B). In compound 21, C-6 was 

elaborated with a large side chain in order to target the P4 pocket. The XIAP-BIR3 structure 

of 21 shows that the side chain of Lys297 moves allowing the benzyl group to bind to the P4 

pocket (see Figure 8C). The movement of the Lys297 was anticipated from the crystal 

structures of SMAC mimetics. This extra lipophilic interaction further improved the potency 
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of the series and, gratifyingly, compound 21 achieves nM activity for both IAPs. The gain in 

cIAP1 potency is more pronounced as a result of adding a large lipophilic P4 group 

suggesting that further optimization of the P4 side chain is required to develop potent and 

balanced cIAP1 and XIAP antagonists. The contributions to XIAP binding affinity expressed 

in terms of group efficiency (GE)24 of the various side chains are summarized in Figure 9. 

 

Figure 9. Group efficiency (GE) schematic for compound 21 based on multiple pair-wise 

comparisons and estimated affinity data for the piperazine core scaffold vs XIAP-BIR3. GE 

units in kcal mol-1 per non-H atom. 

 

Compound 21 was tested in cell proliferation assays using two sensitive human breast cancer 

cell lines (EVSA-T and MDA-MB-231), with the insensitive human colon cancer cell line 

HCT116 included as a control for off-target cytotoxicity. The clinical compound, Debio-1143 

(Debiopharm Group), was included as an assay standard (see Table 4).13c EVSA-T and 

MDA-MB-231 cell lines undergo apoptosis with an IAP antagonist which is driven by 

autocrine production of TNFα, whilst HCT116 cells are resistant to IAP antagonists due to 

reduced TNFα production. 
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The EVSA-T and MDA-MB-231 cell lines are particularly sensitive to cIAP1 antagonism 

and we desired a direct measure of XIAP antagonism in cells. Hence, we stably transfected 

HEK293 cells with full-length XIAP (FLAG-tagged) and caspase-9 to generate an engineered 

cell line in which an immunoprecipitation assay could be used to measure levels of 

XIAP:Caspase-9 interaction after a 2 h incubation with IAP antagonist. In this assay, 21 was 

shown to antagonize XIAP with an EC50 of 140 nM whilst the anti-proliferative EC50 on the 

cIAP1-sensitive cell line, EVSA-T, was 100 nM (see Table 4). In separate cell-based assays a 

reduction in cIAP1 levels was measured in EVSA-T cells after 2 h incubation with 21; and a 

significant increase in cleaved caspase-3 was induced in EVSA-T cells after 6 h incubation 

with 21 (data not shown). 

Table 4. Compound 21 and Debio-1143 cell-based assay data 

Cell Line Cell-based assay 
21 

EC50 (µM) (n) 

Debio-1143 

EC50 (µM) (n) 

EVSA-T Proliferation (72 h) 0.10 (2) 0.0021 (51) 

MDA-MB-231 Proliferation (72 h) 0.59 (2) 0.019 (51) 

HCT116 Proliferation (72 h) >10 (2) >10 (50) 

HEK293-XIAP-Caspase-9a Immunoprecipitation (2 h) 0.14 (3) 0.034 (92) 

a HEK293-XIAP-Caspase-9 is a stably transfected HEK293 cell line engineered to 

overexpress full-length XIAP (FLAG-tagged) and caspase-9. For further details of all cell-

based assays, see Supporting Information. 

 

In order to demonstrate target engagement in vivo, a single 100 mg/kg dose of 21 was 

administered intraperitoneally (i.p.) in Balb/c scid mice bearing MDA-MB-231 xenografts. 

At 1, 6 and 24 h post dose tumors were harvested for Western blot analysis of xenograft 

lysates (see Figure 10A). A significant reduction in cIAP1 levels relative to the vehicle-dosed 
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animal tumors was evident in tumors taken from mice 1 h post dose with compound 21 (this 

was confirmed by densitometry of the blot and subsequent cIAP1 assay tumor lysates using 

an Meso-Scale Discovery (MSD) plate-based method for detection of cIAP1 levels – data not 

shown). However, it was noted that cIAP1 levels were variable at 6 h and had returned to 

vehicle levels by 24 h, suggesting that plasma and tumor free concentrations were insufficient 

to produce a prolonged pharmacodynamic effect. Additionally, there was no obvious effect 

on XIAP levels (indicating that binding of compound 21 to XIAP-BIR3 does not lead to 

ubiquitin-mediated degradation of XIAP) and only a slight increase in apoptosis markers 

(cleaved PARP and cleaved caspase-3) in the compound 21 treated animals (see Figure 10A). 

 

Figure 10. (A) Pharmacodynamic (PD) and (B) Pharmacokinetic (PK) effect of a single 100 

mg/kg dose of 21 i.p. in Balb/c scid mice bearing MDA-MB-231 xenografts. (C) In vivo 
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efficacy in Balb/c scid mice bearing MDA-MB-231 xenografts dosed i.p. with 21 at 100 

mg/kg b.i.d. 

 

In order to demonstrate efficacy in a mouse xenograft model, 100 mg/kg i.p. doses of 21 were 

administered b.i.d. in Balb/c scid mice bearing MDA-MB-231 xenografts. As a positive 

control in this study the clinical IAP antagonist, Debio-1143, was dosed daily (q.d.) at 100 

mg/kg p.o. Significant reduction in tumor size was measured with twice daily (b.i.d.) dosing 

i.p. of 21 (see Figure 10C), with no significant effect on body weight. 

CHEMISTRY 

The majority of compounds described in this paper were assembled via a convergent 

synthesis involving late stage amide coupling, as shown in Figure 5, allowing maximum 

flexibility to explore the SAR in different regions of the protein (see Supporting Information 

for detailed experimental procedures). The carboxylic acid-functionalized piperazines 22 and 

23 were prepared according to Scheme 1 and indolines and azaindolines 24 – 31 according to 

Scheme 2. 

Piperazine 22 was readily prepared from commercially available (R)-2-methyl-piperazine-1-

carboxylic acid tert-butyl ester by alkylation with benzyl bromoacetate followed by 

hydrogenolysis of the benzyl group as shown in Scheme 1. The two stereocenters in 

piperazine 23 are derived from D-alanine methyl ester and Cbz protected L-serine. EDC 

mediated coupling gave a dipeptide which cyclized in situ following hydrogenolysis of the 

Cbz protecting group. The resulting diketopiperazine was reduced with borane and the 

product treated with di-tert-butyl dicarbonate. The initially formed bis-Boc derivative was 

then treated with aqueous ethanolic sodium hydroxide, resulting in selective removal of the 

Boc group adjacent to the hydroxymethyl substituent, the reaction proceeding via formation 
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of the bicyclic oxazolidinone. Treatment with benzyl chloroformate then gave the 

orthogonally protected 2,5-disubstituted piperazine. Alkylation of the hydroxyl group was 

accomplished using trimethyloxonium tetrafluoroborate in the presence of Proton-Sponge® 

(1,8-bis(dimethylamino)naphthalene). Following removal of the Cbz group, elaboration to 

carboxylic acid 23 was performed in a manner similar to that described for 22. 

 

Scheme 1. Reagents and conditions: a) benzyl bromoacetate, K2CO3, ACN, R.T., 82%; b) 

Pd/C, MeOH, H2, R.T., >94%; c) EDC, DIPEA, DCM, R.T., 74%; d) Pd/C, MeOH, 

cyclohexene, reflux, 81%; e) BH3
.THF, THF, 70 °C, quant.; f) Boc2O, TEA, MeOH 50 °C, 

then NaOH, aq. EtOH, 100 °C, 75%; g) benzyl chloroformate, NaOHaq., THF, R.T., 76%; h) 

Proton-sponge®, trimethyloxonium tetrafluoroborate, DCM, 5-17 °C, 65%. 

 

The required 6-substituted indolines were either commercially available or could be prepared 

by reduction of the commercially available indole or aza-indole precursors, using either 
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borane or NaBH3CN (Scheme 2, compounds 24 – 29). The 3,3-dimethyl substituted 

chloroindoline 30 was synthesized by a modified Fischer indole procedure starting from 3-

chlorophenylhydrazine and isobutyraldehyde, in which the desired 6-chloro regioisomer was 

separated from the 4-chloro by chromatography. The synthesis of the more elaborated 3,3-

dimethyl-5-aza-6-chloroindoline 31 is accomplished using a 6 step procedure, starting from 

commercially available 6-chloro-5-azaindole, introduction of the gem-dimethyl groups being 

effected by deprotonation of an aza-oxindole intermediate and subsequent treatment with 

iodomethane. 

 

Scheme 2. Reagents and conditions: a) BH3, THF then TFA, 0 °C, 64-86%; b) NaBH3CN, 

AcOH, R.T., 35-66%; c) BH3.SMe2, THF then MeOH, 68 °C, 41%; d) AcOH, 60 °C then 

NaBH(OAc)3, DCE, R.T., 4%; e) NaH, (CH3)3SiCH2CH2OCH2Cl, DMF, 0 ºC, 82%; f) 

C5H5N·HBr·Br2, dioxane, R.T., 58%; g) Zn, NH4Cl (aq), THF, R.T., 75%; h) LiHMDS, 

CH3I, THF, -78 ºC, 51%; i) TFA, DCM, R.T., 67%; j) BH3-Me2S, THF, 68 ºC, 95%. 
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Following the schematic in Figure 5, the appropriate amine and acid precursors were coupled 

using PyBroP and the products deprotected with concentrated HCl in dioxane as illustrated 

for compounds 19 and 20 (Scheme 3), to give target compounds 7, 9, 10 and 12 - 20. 

Optimized fragment 5 was also prepared following similar methods using pyrrolidine in the 

amide coupling step. Compound 21 was prepared by late stage Negishi coupling of the 

protected chloro-azaindoline with benzylzinc bromide followed by Boc deprotection. 

 

Scheme 3. Reagents and conditions: a) PyBroP, TEA, DCM, R.T., 74%; b) conc. HCl, 

dioxane, R.T., 78-85%; c) Benzylzinc bromide, PEPPSITM-IPr, LiBr, NMP, THF, R.T., 78%. 

Analogs 8 and 11 were also prepared by late stage elaboration of C-6 on the bicycle (Scheme 

4). Compound 8 was prepared via reduction of a 6-nitro indoline derivative, while for 11 the 

isopropyl group was introduced by Suzuki coupling of 2-isopropenyl-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane with a 6-bromo indoline derivative followed by hydrogenation.  
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Scheme 4. Reagents and conditions: a) 22, PyBroP, TEA, DCM, R.T., 50%; b) 10% Pd/C, 

H2, MeOH, R.T., quant.; c) conc. HCl, dioxane, R.T., 82%; d) 2-isopropenyl-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane, Pd(PPh3)4, Cs2CO3, 85 °C, 86% over 2 steps. 

CONCLUSION 

We have applied Astex PyramidTM to XIAP-BIR3 in order to identify non-alanine starting 

points for antagonists with balanced dual cIAP1/XIAP profiles. A combination of protein 

observed 1H-NMR screening and X-ray crystallography screening based on long soaking 

experiments using high fragment concentrations allowed us to identify very weak non-alanine 

fragment hits. Structure-based drug design coupled to an electrostatic analysis of the XIAP-

BIR3 binding site enabled the efficient optimization of the piperazine-based initial hit 1 into a 

scaffold 17 with low micromolar activity and good LE for both XIAP and cIAP1 BIR3 

domains. Subsequent elaboration gave compound 21, which antagonizes XIAP, induces 

cIAP1 degradation and inhibits cell growth in cancer cell lines. Biomarker modulation 

associated with reduction in tumor size was observed in a mouse xenograft model bearing the 

breast cancer cell line MDA-MB-231 xenografts when treated with 100 mg/kg i.p. doses of 

21. Compound 21 is the first reported example of a nanomolar affinity non peptidic IAP 

antagonist which does not possess an alanine warhead. Hence 21 represents a novel 

chemotype for an important class of anticancer targets and has proved a promising starting 
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point for further medicinal chemistry. Further optimization of 21 into an orally bioavailable 

and efficacious dual XIAP/cIAP1 antagonist with low nanomolar affinity for both targets will 

be reported in a subsequent publication. 

EXPERIMENTAL SECTION 

General Chemistry 

All solvents employed were commercially available anhydrous grade, and reagents were used 

as received unless otherwise noted. Hereafter, petrol denotes the petroleum ether fraction 

boiling at 40 – 60 oC. Flash column chromatography was performed on a Biotage SP1 system 

(32−63 µm particle size, KP-Sil, 60 Å pore size). NMR spectra were recorded on a Bruker 

AV400 (Avance 400 MHz) spectrometer. Analytical LC−MS was conducted using an Agilent 

1200 series with Mass Spec Detector coupled with an Agilent 6140 single quadrupole mass 

detector and an Agilent 1200 MWD SLUV detector. LC retention times, molecular ion (m/z) 

and LC purity (by UV) were based on the method below. Purity of compounds (as measured 

by peak area ratio) was >95%, as determined by the LC method described below. 

LC Method (BASIC) 

Eluent A: 95:5 10 mM NH4HCO3+NH4OH:CH3CN (pH = 9.2) 

Eluent B: CH3CN 

Gradient: 5-95% eluent B over 1.1 minutes 

Flow:  0.9 ml/min 

Column: Waters Acquity UPLC BEH C18; 1.7µ; 2.1x50 mm 

Column T: 50°C 
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Preparation of compound 21 (Scheme 3): 1-(6-Benzyl-3,3-dimethyl-2,3-dihydro-

pyrrolo[3,2-c]pyridin-1-yl)-2-((2R,5R)-2-methoxymethyl-5-methyl-piperazin-1-yl)-

ethanone hydrochloride salt 

Step 1: (2R,5R)-4-[2-(6-Chloro-3,3-dimethyl-2,3-dihydro-pyrrolo[3,2-c]pyridin-1-yl)-2-oxo-

ethyl]-5-methoxymethyl-2-methyl-piperazine-1-carboxylic acid tert-butyl ester 

To a solution of (2R,5R)-4-carboxymethyl-5-methoxymethyl-2-methyl-piperazine-1-

carboxylic acid tert-butyl ester 23 (4.1 g, 13.7 mmol, see Supporting Information) and 6-

chloro-3,3-dimethyl-2,3-dihydro-1H-pyrrolo[3,2-c]pyridine 31 (1.2 g, 6.9 mmol, see 

Supporting Information) in dichloromethane (34 mL) were added PyBroP (7.7 g, 16.5 mmol) 

and triethylamine (4.9 mL, 35.7 mmol). The reaction mixture was stirred at ambient 

temperature for 18 hours. The solvent was removed in vacuo and the residue was purified by 

chromatography on silica gel (gradient elution with 0 – 100% ethyl acetate in petrol) to give 

the title compound (2.4 g, 73%) as a yellow foam. 1H NMR (400 MHz, CDCl3): 8.09 (1H, s), 

8.07 (1H, s), 4.28-4.16 (1H, m), 4.06-3.85 (3H, m), 3.66 (2H, d), 3.56-3.42 (1H, m), 3.42-

3.34 (4H, m), 3.31 (1H, dd), 3.03 (1H, s), 2.86 (1H, dd), 2.67 (1H, dd), 1.58 (3H, s), 1.49 

(9H, s), 1.42 (6H, s); LCMS: [M+H]+ = 467. 

 

Step 2: (2R,5R)-4-[2-(6-Benzyl-3,3-dimethyl-2,3-dihydro-pyrrolo[3,2-c]pyridin-1-yl)-2-oxo-

ethyl]-5-methoxymethyl-2-methyl-piperazine-1-carboxylic acid tert-butyl ester 

(2R,5R)-4-[2-(6-Chloro-3,3-dimethyl-2,3-dihydro-pyrrolo[3,2-c]pyridin-1-yl)-2-oxo-ethyl]-5-

methoxymethyl-2-methyl-piperazine-1-carboxylic acid tert-butyl ester (1.0 g, 2.14 mmol) 

was added to a solution of PePPSi-iPr (40 mg, 0.06 mmol) and LiBr (390 mg, 4.54 mmol) in 

NMP (12 mL) and THF (12 mL) under inert atmosphere. The solution was degassed for 5 

min before adding benzylzinc bromide (9.1 mL, 1.6 mmol). The reaction was stirred at room 

temperature for 30 minutes and then quenched with water. The product was extracted with 
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EtOAc and the organic phase was washed with water and brine. The organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. The residue was putified by chromatography 

on silca gel (gradient 0 – 100% EtOAc in Petrol) to give 879 mg (79% yield) of the desired 

product as a pale yellow oil. 1H NMR (400 MHz, Me-d3-OD): 8.24 (1H, s), 7.94 (1H, s), 

7.34-7.15 (5H, m), 4.85 (2H, s), 4.22-4.07 (3H, m), 4.07-3.87 (3H, m), 3.69 (1H, d), 3.59 

(1H, dd), 3.52 (1H, d), 3.42-3.34 (3H, m), 2.99 (1H, s), 2.84 (1H, dd), 2.64 (1H, d), 1.48 (9H, 

s), 1.42 (6H, s), 1.28-1.10 (3H, m); LCMS: [M+H]+ = 523. 

Step 3: 1-(6-Benzyl-3,3-dimethyl-2,3-dihydro-pyrrolo[3,2-c]pyridin-1-yl)-2-((2R,5R)-2-

methoxymethyl-5-methyl-piperazin-1-yl)-ethanone hydrochloride salt 21 

(2R,5R)-4-[2-(6-Benzyl-3,3-dimethyl-2,3-dihydro-pyrrolo[3,2-c]pyridin-1-yl)-2-oxo-ethyl]-5-

methoxymethyl-2-methyl-piperazine-1-carboxylic acid tert-butyl ester (1.57 g, 3.0 mmol) 

was dissolved in a saturated solution of HCl in EtOAc and the resulting mixture stirred at 

ambient temperature for 18 hours. The reaction was concentrated in vacuo and the residue 

was azeotroped with MeOH (4 x) to give the title compound (1.27 g, quant.) as an off white 

solid. 1H NMR (400 MHz, Me-d3-OD): 8.60 (1H, s), 8.26 (1H, s), 7.48-7.26 (5H, m), 4.58-

4.31 (4H, m), 4.31-4.08 (2H, m), 4.08-3.91 (1H, m), 3.90-3.71 (2H, m), 3.71-3.58 (3H, m), 

3.58-3.40 (2H, m), 1.54 (6H, s), 1.41 (3H, d); LCMS: [M+H]+ = 423. 

Preparation of compounds 5 and 7 through 20 is described in the Supporting Information. 

Crystallography 

XIAP-BIR3 250-354 was crystallized using a 1:1 ratio of 10 mg/ml protein and 0.1 M Hepes-

NaOH pH 8.0, 3.0-3.9 M NaCl. Crystals appeared over the course of a few days at 4 ºC. 

Crystals were soaked in fragments using 2.5 µl of compound in DMSO, 47.5 µl 0.1 M Hepes-

NaOH pH 8.0, 4 M NaCl to give a final concentration of fragment in the range of 50-100 

mM. The pH of the soaking solution was adjusted if necessary and crystals were left at 4 ºC 
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for 24-72 hours. Crystals were cryo-protected using 0.05 M Hepes-NaOH pH 8.0, 4M NaCl, 

15% ethylene glycol. The crystals had cell dimensions of approximately 70 Å, 70 Å, 105 Å, 

and belong to space group P4122. The diffraction observed ranged from 1.7-3.0 Å. 

NMR 

NMR screening was performed by monitoring the effects of fragments on well-resolved 1H 

NMR signals of unlabeled XIAP-BIR3 with chemical shifts δ <0.4 ppm and >9.8 ppm. For 

these experiments 144 µL samples were prepared containing 220 µM XIAP-BIR3, 80 mM 

sodium phosphate, 20 mM TRIS pH 7.6 and 15% D2O. A 16µl aliquot of a DMSO stock 

solution containing two fragments, each at a concentration of 100 mM, was then added to 

each sample to give a final protein concentration of 200 µM and fragment concentrations of 

10 mM, with 10% d6- DMSO. Previous experiments had shown that this buffer was 

sufficiently concentrated to maintain the pH of the solution at 7.6 ± 0.2 after fragment 

addition. Samples were transferred to 2.5 mm (o.d.) capillaries and NMR data collected using 

a Bruker AV500 spectrometer equipped with a 5 mM TXI-cryoprobe. The sample 

temperature was maintained at 40 °C during data acquisition and all spectra were acquired 

with an acquisition time of 8.5 minutes (256 scans). Samples containing hits were broken out 

to determine the identity of the hit and were then followed up by titration of the hit into a 15N-

labeled sample of XIAP-BIR3, and the 15N-HSQC spectrum was monitored for chemical shift 

changes. Hits could then be prioritized according to their estimated affinity or their chemical 

shift fingerprint.  

Fluorescence Polarization Binding Assay 

The interaction between the SMAC peptide and the BIR3 domains of XIAP and cIAP1 was 

measured using a fluorescence polarization assay, utilizing a fluorescent peptide tracer 

(AbuRPFK(5&6FAM)-amide; Peptide Synthetics Ltd, Fareham, Hampshire, UK ) derived 
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from SMAC. Compounds were incubated with XIAP (20 nM) or cIAP1 (4 nM) proteins in 50 

mM Hepes pH 7.5, 0.025% Tween-20, 0.01% BSA, 1 mM DTT, 2% DMSO and 5 nM or 2 

nM fluorescent tracer respectively. After equilibration at room temperature fluorescence 

polarisation was measured (excitation 485 nm / emission 538 nm) using a BMG Pherastar 

plate reader (BMG Labtech, Orttenburg, Germany). IC50 curves were generated using 

GraphPad prism version 6 (LaJolla, CA, USA) and fitted using the four parameter logistic 

curve fit. 

Cell Line Proliferation Assay 

Inhibition of cell growth was measured using the Alamar Blue assay.25 For each proliferation 

assay cells were plated onto 96 well plates and allowed to recover for 16 hours prior to the 

addition of inhibitor compounds (in 0.1% DMSO v/v) for a further 72 hours. At the end of 

the incubation period 10% (v/v) Alamar Blue (Bio-Rad AbD Serotec, Oxford, UK) was 

added and incubated for a further 6 hours prior to determination of fluorescent product at 535 

nM excitation / 590 nM emission.  

The anti-proliferative activities of 21 or Debio-1143 were determined by measuring the 

ability of the compounds to inhibit growth in 3 cancer cell lines: (1) EVSA-T (human breast 

carcinoma) [DSMZ, Braunschweig, Germany], (2) MDA-MB-231 (human breast carcinoma) 

[ECACC, Salisbury, UK], (3) HCT116 (human colon carcinoma) [ECACC, Salisbury, UK] - 

insensitive cell line used as a control for non-specific cytoxicity. 

XIAP Antagonism Immunoprecipitation Assay 

An engineered HEK293 cell line was generated by transfecting the HEK293 cell line 

(ECACC, Salisbury, UK) with a full-length FLAG-tagged XIAP expression construct 

[Origene Technologies Inc., Rockville, USA] and a full-length untagged caspase-9 construct 
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[Origene Technologies, Inc., Rockville, USA]. Stable co-transfectants were selected after 

culture in selection medium containing Geneticin (Life Technologies, Paisley, UK). 

Stable HEK293-XIAP-Caspase-9 cells were plated out into 96-well plates and left overnight 

at 37 °C to recover. Compounds were added to duplicate wells in 0.1% DMSO for 2 h at 37 

°C. Cells were lysed in 50 µL lysis buffer (1% Triton X-100 in 20 mM Tris.Cl (pH 7.6), 150 

mM NaCl, including protease inhibitors (Roche Diagnostics Ltd., Burgess Hill, UK) for 20 

min rocking at room temperature. Streptavidin-coated high-bind MSD plates (Meso Scale 

Discovery, Gaithersburg, USA) were coated with biotinylated anti-FLAG M2 antibody 

(Sigma, Poole, UK) and then blocked with 3% BSA in TBST (20 mM Tris.Cl (pH 7.6), 150 

mM NaCl, 0.1% Tween-20). Cell lysate was added to the 96-well anti-FLAG coated MSD 

plate and placed on a shaker overnight at 4 °C. After washing 3 times with TBST, rabbit anti-

Caspase-9 (Cell Signaling Technology Inc., Danvers, USA) was added for 2 h at room 

temperature, with shaking. After washing 3 times with TBST, anti-rabbit-sulfo tag (Meso 

Scale Discovery, Gaithersburg, USA was added for 2 hours at RT. Plates were washed 3 

times with TBST and then read buffer was added, before reading the plate on a MESO 

QuickPlex SQ 120 (Meso Scale Discovery, Gaithersburg, USA). 

Western Blot Analysis of MDA-MB-231 Xenografts 

MDA-MB-231 xenograft tumor lysates were prepared by grinding the frozen tissue to a fine 

powder with a mortar/pestle under liquid nitrogen, and then adding ice-cold lysis buffer (1% 

Triton X-100, 150 mM NaCl, 20 mM Tris.HCl pH 7.5, plus protease inhibitors (Roche 

Diagnostics Ltd., Burgess Hill, UK), 50 mM NaF and 1 mM Na3V04), to the ground-up 

tumour powder. Samples were vortexed and left on ice for 30 min. Lysates were cleared and 

sample of the supernatant removed for protein determination (BCA assay – Pierce, Life 

Technologies, Paisley, UK). 
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Equivalent amounts of protein lysate had SDS sample buffer and a final concentration of 50 

mM DTT added, before being boiled. Samples were resolved by SDS PAGE (4-12% Nu-

PAGE gels – Novex, Life Technologies, Paisley, UK), blotted onto nitrocellulose filters, 

blocked with Odyssey Blocking Buffer (LI-COR, Cambridge, UK) and incubated overnight 

at 4 °C with the following primary antibodies: goat polyclonal anti-cIAP1 antibody (R& D 

Systems, Abingdon, UK), goat polyclonal anti-XIAP antibody (R& D Systems, Abingdon, 

UK), rabbit polyclonal anti-cleaved PARP (Cell Signaling Technology Inc., Danvers, USA) 

and rabbit monoclonal anti-cleaved caspase-3 (Cell Signaling Technology Inc., Danvers, 

USA). After washing and incubation with the appropriate IR-conjugated secondary antibody 

(LI-COR, Cambridge, UK), detection was achieved using an Odyssey Infrared Imaging 

System (LI-COR, Cambridge, UK). 

Pharmacokinetic studies in MDA-MB-231 Xenografts 

Pharmacokinetic studies were performed in male Balb/c severe combined immunodeficient 

(SCID) mice bearing MDA-MB-231 xenograft tumours in accordance with the Animal 

(Scientific Procedures) Act (1986) law.  A single dose of compound 21 at 100 mg/kg, 

formulated in 10% DMSO/90% Saline at a dose volume of 10 mL/kg, was administered to 12 

mice via intraperitoneal injection. Doses were calculated as freebase equivalent per kg of 

bodyweight. Following dosing, blood samples (0.2 mL) were drawn in tubes containing 

potassium EDTA, via either saphenous vein bleeding or cardiac puncture at various time 

points over 24 hours using sparse sampling (n = 3 per time point), prior to centrifugation 

(2000 g at 4 °C, 10 min). The resultant plasma was separated from the erythrocyte pellets for 

analysis and stored at -20 °C. Tumours were immediately excised and flash-frozen in liquid 

nitrogen. Tumour samples were prepared by homogenisation in water (5 mL/g tumour tissue) 

using a Precellys 24® tissue homogeniser. All samples were extracted by protein 

precipitation with acetonitrile containing internal standard (1:3 v/v). Calibration standards 
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and quality controls were prepared in blank matrix and extracted under the same conditions. 

All samples were centrifuged at 3700 rpm at 4 °C for 20 min. Resultant supernatant was 

analysed by using high performance liquid chromatography mass spectrometry with either a 

Quattro Ultima (Waters, UK) tandem mass spectrometer coupled to a CTC HTS PAL 

autosampler (CTC Analytics AG, Switzerland). Non-compartmental pharmacokinetic (PK) 

analyses were performed using WinNonLin (Pharsight, Inc.) software. Calculated parameters 

included time of maximum observed concentration (Tmax), maximum concentration (Cmax), 

terminal half-life, area under the curve (AUC) from the time of dosing to the last measurable 

concentration (AUClast) and extrapolated to infinity (AUC0-∞).  Non-compartmental PK fitting 

to sparse sampling data allowed the calculation of standard errors on AUClast and Cmax. 

In Vivo Efficacy Study 

In order to demonstrate efficacy in a mouse xenograft model, Balb/c scid mice were 

inoculated sub- cutaneously with 5 x 106 MDA-MB-231 cells and xenografts were allowed to 

reach a group (n=8) average volume of 100 mm3 before starting the study. 100 mg/kg i.p. 

doses of 21 were administered b.i.d. in and as a positive control in this study the clinical IAP 

antagonist, Debio-1143, was dosed daily (q.d.) at 100 mg/kg p.o. compared to a vehicle only 

control group. Tumor volumes were calculated from tumor size measurements (length x 

width x width x 0.5) taken every 3 days and the effect on body weight was recorded on a 

daily basis. For PK/PD studies tumors were excised at specific times post compound dose 

and snap frozen in liquid nitrogen before being stored at – 80 °C prior to analysis. 

Computational Protocols 

Docking. Docking experiments were used to predict the binding mode of designed 

piperazines and to select compounds for synthesis. The X-ray crystal structure of XIAP-BIR3 

with compound 1 was used to dock ligands. Hydrogens were added to the protein, and a 
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binding pocket was generated with all protein atoms within 6 Å of any non-hydrogen atom in 

ligand 1. This binding site was used to run dockings and virtual screens for ligands designed 

to bind to the P1, P2 and P3 pockets. All calculations were run on a Linux cluster using 

Goldscore26 scoring function within the Astex Web-based docking and virtual screening 

platform.27 Methods and settings have been previously described by Verdonk et al.28  

Ab initio calculations. The electrostatic potential surfaces of compound 8 and 17 were 

calculated using the ab initio quantum chemistry package Q-Chem,29 using the 6-31G* basis 

set and B3LYP method. 

Field points. The field points of compound 7 were generated with XEDVIEW, using 

methods and setting previously described by Cheeseright et al.21 
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ABBREVIATIONS USED 

cIAP1, cellular inhibitor of apoptosis protein 1; XIAP, X-linked inhibitor of apoptosis 

protein; BIR, baculovirus IAP repeat domain; RING, really interesting new gene; TNFα, 

tumor necrosis factor alpha; SMAC, second mitochondria derived activator of caspases; 

RIPK1, receptor-interacting serine/threonine-protein kinase 1; FADD, Fas-associated protein 

with Death Domain; FBDD, fragment-based drug discovery; PPI, protein-protein interaction; 

LE, ligand efficiency; Cbz, carbobenzyloxy; EDC, 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide; DIPEA, N,N-Diisopropylethylamine; DCM, 

dichloromethane; THF, tetrahydrofuran; TEA, Triethylamine; SEM, 2-

trimethylsilylethyoxymethyl; RT, room temperature;  
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