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Abstract

We have recently investigated the reactivity of aryl-fluorosulfates as warheads to form covalent 

adducts with Lys, Tyr, and His residues. However, the rate of reaction of aryl-fluorosulfates 

seemed relatively slow, putting into question their effectiveness to form covalent adducts in cell. 

Unlike the previously reported agents that targeted a relatively remote Lys residue with respect to 

the target’s binding site, the current agents were designed to more directly juxtapose an aryl-

fluorosulfate with a Lys residue that is located within the binding pocket of the BIR3 domain of 

XIAP. We found that such new agents can effectively and rapidly form a covalent adduct with 

XIAP-BIR3 in vitro and in cell, approaching the rate of reaction, cellular permeability, and 

stability that are similar to what attained by acrylamides when targeting Cys residues. Our studies 

further validate aryl-fluorosulfates as valuable Lys-targeting electrophiles, for design of inhibitors 

of both enzymes and protein-protein interactions.
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Introduction

Covalent inhibitors targeting Cys residues have recently provided drug designers the ability 

to attain potent and selective irreversible inhibitors with proper pharmacological properties. 

Hence, the design of targeted irreversible inhibitors is currently heavily pursued1–14 and it 

has resulted in the recent FDA approval of several covalent drugs in oncology. Acrylamide-

based Cys-covalent kinase inhibitors, osimertinib, ibrutinib, neratinib and afatinib, for 

example, have been all approved by the FDA in very recent years, to cite a few. The success 

of these agents likely resides in their uniquely high potency (irreversible) and the sustained 

inhibition of their targets; these are highly desirable properties in oncology drugs that are 

difficult to obtain with reversible compounds, making the approach of deriving irreversible 

drugs very appealing. While it has been well established that acrylamides offer the proper 

balance of Cys-reactivity and selectivity, similar studies on Lys targeting electrophiles are 

ongoing by us15, 16 and others in the field.17–24 Recent studies aimed at probing the ability 

of small molecule-containing aryl-fluorosulfates to capture potential drug targets after long 

exposure (24 h) to cell lysates,17 but specific studies on their drug-likeness, including cell 

penetration and studies demonstrating direct covalent bond formation in cell, for example, 
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have not yet been directly and/or fully investigated. Moreover, most studies on aryl-

fluorosultates focused on enzyme inhibitors,17, 25 while our recent efforts in regard focused 

on investigating the possibility of generating effective covalent antagonists of protein-protein 

interactions (PPIs) for therapeutic use,15, 16 given that targeting PPIs remains a difficult task 

for new therapeutics development. While PPIs targeting short peptides can be relatively 

easily identified, their evolution into potent and selective, cell permeable agents remains a 

challenging task. For a limited number of targets that present a Cys residue within their 

binding surfaces, increased potency and selectivity of binding peptides can be accomplished 

by introducing properly juxtaposed acrylamides or chloroacetamides.26–28 However, Cys 

residues are relatively infrequent in binding interfaces, hence, in the search of similarly 

suitable warheads to target other residues including Lys, Tyr, and His, we have recently 

compared the reactivity of aryl-sulfonyl fluorides10, 18, 29 and aryl-fluorosulfates17, 25, 30, 31 

warheads when inserted in binding peptides targeting the Inhibitors of Apoptosis Proteins 

(IAPs)32–34. Several agents based on the tetrapeptide of sequence Ala-Val-Pro-Phe (AVPF, 

or also the peptide AVPI) that interacts with various members of the IAP family, including 

XIAP, cIAP1, and cIAP2,35–38 have been developed as potential therapeutic agents39–58, 

including clinical candidates AT406,39, 59–62 and LCL161,63–67 (Table 1). We recently 

reported on compound 1 (Table 1, Figure 1A) as the first XIAP covalent agent targeting Lys 

311 in its BIR3 domain.16 As Lys 311 is not present in cIAP1 nor cIAP2, we expect that this 

agent can form a covalent adduct only for XIAP-BIR3 (Figure 1).16 However, likely due to 

the flexibility of both the side chain carrying the electrophile and the targeted residue Lys 

311 (Figure 1A), we found that the rate of the reaction in vitro was relatively slow (> 6 h for 

the reaction to go to completion at physiological pH, in vitro)16, which shed some doubts on 

whether such reaction could take place also in cell. Here we report on the design of new 

agents that juxtapose more directly an aryl-fluorosulfate with a Lys residue within the 

binding pocket of the BIR3 domain of XIAP. We demonstrate that such proper juxtaposition 

of the aryl-fluorosulfate with Lys 297 in XIAP-BIR3 results in agents (compounds 2 and 3; 

Table 1) that more readily react in vitro and in cells. Hence, we found for the first time that 

the reaction rate, cellular permeability, aqueous solubility and stability, and plasma stability, 

of the designed Lys-targeting aryl-fluorosulfates targeting a PPI appear on par with those 

generally observed for Cys targeting acrylamides. The stability data are also in agreement 

with previous studies in targeting Ser residues with ary-lfluorosulfates.68 In that article, the 

authors had noted a slow reactivity of the agents and anticipated that enhanced binding 

interactions could lead to accelerated reaction,68 as indeed we demonstrated here 

experimentally. Therefore, our studies provide critical experimental proof of concept that 

aryl-fluorosulfates, when properly placed on a binding agent targeting a PPI, can provide 

Lys-covalent agents with favorable pharmacological properties. When applied to the IAP 

family, the approach resulted in novel and effective pan-IAP inhibitors with cellular affinity 

that is comparable to that observed with current clinical candidates for these targets.

Results

Design and synthesis of novel BIR3 targeting aryl-fluorosulfates.

In order to design Lys-covalent BIR3 antagonists targeting XIAP, cIAP1, and cIAP2, we 

examined the respective X-ray structures of these domains in complex with various 
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antagonists (XIAP and cIAP1) or in the apo-form (cIAP2) (Figure 1). These domains bind 

tetrapeptides of general sequence Aϕ03C5Pϕ where ϕ represents hydrophobic residues in 

positions P2 and P4 of the tetrapeptide, while Ala and Pro occupy positions P1 and P3, 

respectively. Starting with a positional scanning library of tetrapeptides of sequence AXXX 

(where X is one of 42 between natural and non-natural aminoacids) we previously identified 

optimal residues for positions P2-P4.69–71 In particular, using an enthalpy-based screening 

approach, we identified a 4-fluoro-1-amino indane as an effective P4 substituent, while P2 

substituents included a DL-2F,4CF3,5CH3-Phe71 instead of the L-cyclohexyl-Gly, 

commonly found in IAP inhibitors (e.g LCL161, Table 1) or, after further optimizations, also 

a L-Phe(OSO2F) (compound 1), that we reported targeting Lys 311 of XIAP-BIR3 (Figure 

1A).16, 71 Here, using simple molecular docking strategies we identified XIAP-BIR3 

residues Lys 297 and Lys 299 as possible targets for possible covalent interactions (Figure 

1B). Correspondingly, Lys 291 cIAP1 (Figure 1C), and Lys 291 in cIAP2 (Figure 1D), are 

also located in correspondence of the P4 position of binding tetrapeptides in these two other 

members of the IAP family. Hence, we designed novel agents that contained a 4-

fluorosulfate on the P4 1-amino indane, and that in P2 contained either cyclohexyl-Gly 

(compound 2) or the DL-2F,4CF3,5CH3-Phe (compound 3). Unfortunately, our attempts to 

separate the two diasteroisomers of 3 were not successful, and the agent was tested a 

racemic mixture. However, modeling studies suggested that both compound 2 and the L-

isomer of compound 3 could form a covalent adduct with XIAP Lys 297 (Figure 1B), and 

possibly also with Lys 291 in cIAP1 (Figure 1C), and Lys 291 in cIAP2 (Figure 1D).

The synthesis of compounds 2 and 3 was accomplished using the scheme of Figure 2. 

Briefly, a BAL resin (0.05 mmol scale) was loaded using a solution of (R)-1-amino-2,3-

dihydro-1H-inden-4-ol (3 eq.) in DMF added to the reactor and shaken for 30 min, followed 

by reduction using sodium triacetoxyborohydride (3 eq., overnight reaction at room 

temperature). The resin was subsequently filtered, washed three times with DMF, three times 

with DCM (3x) and again three times with DMF. For the coupling of Fmoc-proline on the 

secondary amine reaction time was increased to 2 h. Fmoc deprotection and peptide 

elongation then followed standard procedures described in the general chemistry section. [4-

(acetylamino)phenyl]imidodisulfuryl difluoride (AISF)30 reagent (1.2 eq., 2.2 eq. of DBU in 

THF, overnight reaction at room temperature) was used to introduce the fluorosulfate 

reactive group on the compounds while still on the resin. Peptides were cleaved from the 

BAL resin with a cleavage cocktail containing TFA/TIS/water/phenol (94:2:2:2) for 3 h. The 

cleaving solution was filtered from the resin, evaporated under reduced pressure, and the 

peptides precipitated in Et2O, centrifuged and dried in high vacuum. The crude peptides 

were purified by preparative RP-HPLC using a Luna C18 column (Phenomenex) and water/

acetonitrile gradient (5% to 100%) containing 0.1% TFA. The final compounds were 

characterized by HRMS, and subsequently tested in a variety of in vitro and cellular assays 

as reported below.

In vitro evaluations of the designed Lys-targeting agents

In order to assess the potential of the proposed agents in targeting covalently the BIR3 

domains, we tested the agents in biochemical and biophysical assays in vitro. First, we used 

a Dissociation-Enhanced Lanthanide Fluorescence Immunoassay (DELFIA) displacement 
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assay as we described previously71 that measures the ability of test agents to compete for the 

binding of a reference biotinylated AVPI peptide. IC50 values were obtained from dose-

response curves measured after no pre-incubation or with 6-h pre-incubation of the test 

ligand and protein. Depending on the reaction rate of the agent, a large decrease in IC50 

value with pre-incubation can be interpreted as possible slow covalent interaction (Table 1; 

Figure 3A). As controls, the pan-IAP clinical candidates AT406 and LCL161 were also 

tested, as well as our previously reported XIAP-BIR3 covalent agent compound 1 (Table 1). 

Compound 1, targeting XIAP Lys311 as we recently reported, is covalent only for XIAP-

BIR3, but not for cIAP1 or cIAP2 that present a glutamic acid in correspondence of Lys 311 

in their BIR3 domains (Figure 1).15, 16 For each agent we also measured their induced 

denaturation thermal shifts (ΔTm) on the BIR3 domain of XIAP. Non-covalent agents, such 

as AT406 or LCL161, displayed a ΔTm < 20 °C (regardless of the incubation times of either 

2 h or 6 h), while putative covalent compounds showed significantly larger shifts (ΔTm of > 

30 °C; Table 1, and supplementary Figure S1).16 Finally, covalent adduct formation was 

verified by SDS gel electrophoresis and mass spectrometry data (Figures 3B,C). These data 

clearly suggested that compounds 2 and 3 formed a stable covalent adduct with the BIR3 

domain of XIAP. In addition, both 1D 1H NMR and 2D [15N,1H] NMR spectra with a 15N-

Lys-selectively labeled BIR3 sample and compound 2 revealed time-dependent chemical 

shift changes for the backbone amide of Lys 297, presumably due to the covalent bond 

formation with its side chain over time (Figure 3D,E).72 These data collectively 

demonstrated that compounds 2 and 3 are effective Lys-covalent agents for the BIR3 domain 

of XIAP likely targeting Lys 297.

To extend these observations to cIAP1 and cIAP2, a similar set of data was collected with 

the agents and their respective BIR3 domains (Table 1, Figure 4). First, dose-response 

DELFIA curves with and without pre-incubation (Figure 4A,B) revealed decreased IC50 

values only for compounds 2 (in particular) and 3, that presumably can form covalent 

adducts with Lys residues present in correspondence to the 4-fluorosulfate (Figure 1). 

Subsequently, mass spectrometry data with these complexes releveled covalent adduct 

formation between compound 2 and 3 and both cIAP1 and cIAP2 (Figure 4D,E), but not 

compound 1 that was designed to interact only with the BIR3 domain of XIAP.16 These data 

collectively suggest that compounds 2 and 3 are putative P4 covalent agents for XIAP-BIR3 

in particular, but can also target cIAP1 and cIAP2.

Plasma stability, cell permeability, and cellular activity of covalent agents.

To assess the pharmacological properties of compounds 2 and 3 relative to clinical 

candidates LCL161 or AT406, we compared solubility, aqueous and plasma stability, and 

cellular permeability of each agent. Solubility and chemical stability were assessed using 1H 

1D NMR, measured over time, and at different concentrations (supplementary Figure S3). 

Compound 2 was long-lived (several hours) and soluble up to 2 mM in aqueous buffer (pH = 

7.5, T = 25 °C), similar to what we observed with AT406 and LCL161. Compound 3 was 

also fairly soluble up to 1 mM. Plasma stability data also revealed that compound 2 was 

plasma stable with t1/2 > 2 h (again, similar to LCL161 and AT406), while compound 3 
appeared less soluble in plasma, but still long-lived.
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Most importantly, to assess cell permeability of these agents, and to verify that the covalent 

agents can reach the target and act covalently in cell, we have obtained a cell line that is 

stably transfected with HA-BIR3 of XIAP.73 Hence, exposure of cell line to our agents, 

followed by western blot analyses of cell lysates using an anti-HA antibody was used to 

monitor whether the test agents enter the cell, and target covalently the BIR3 domain of 

XIAP, as this could be directly appreciated by a significant shift in molecular weight (band 

shift) similar to what can be observed in vitro. However, as we reported recently, the 

unbound BIR3 domain of XIAP is fairly unstable at 37 °C, while the domain gets stabilized 

by ligand binding, as suggested by our reported thermal shift data (Table 1). Accordingly, 

exposing the HA-BIR3-expressing HEK293 cell line to cell permeable compounds AT406 or 

LCL161 stabilized the BIR3 domain that resulted in an increase in band intensity on the 

western blot (Figure 5A). Similarly, compounds 1, 2, and 3 stabilized HA-BIR3 in this 

experiment, resulting in increasingly more visible bands. Most importantly, compound 2, 

and 3 in particular, also induced a clearly appreciable gel shift, both consistent with cell 

permeability of the agent and covalent adduct formation in cell (Figure 5A).

Previous studies demonstrated that exposure of cell lines to pan-IAP antagonists can cause 

degradation of cIAP1 and cIAP2, but not of XIAP. Accordingly, when the melanoma cell 

line SK-MEL-28 or the non-small cell lung cancer cell line A549 (both high expressors of 

IAP proteins) were exposed to 1 μM each of our test agents, all compounds caused a 

significant reduction of cIAP1 and cIAP2 levels (Figure 5B, C), with compound 2 causing 

the most appreciable effect even compared to clinical agents LCL161 and AT406, in 

agreement with its in vitro affinity and predicted cell permeability (Figure 5A).

Subsequently, induction of apoptosis was further examined in both SK-MEL-28 and A549 

cell lines that, because of the expression of XIAP, cIAP1, and cIAP2 (Figure 5), are resistant 

to TNFα-induced apoptosis. For this purpose, we used the IncuCyte S3 Caspase-3/7 

fluorescence-based apoptosis assay, which consists of a non-fluorescent substrate that freely 

crosses the cell membrane where it can be cleaved by activated caspase-3/7 to release a 

green DNA-binding fluorescent label. Hence, apoptotic cells are identified by the 

appearance of fluorescently-labeled nuclei. After 36-h treatment, the compounds alone at the 

indicated doses showed similar caspase-3/7 intensity as that of DMSO-treated cells in both 

cell lines (Figure 6A,B, top panels). In SK-MEL-28 and A549, caspase-3/7 activity was 

greatly enhanced in a dose-dependent manner when combining test compounds and 1 ng/mL 

TNFα, demonstrating that the agents can greatly sensitize the cell lines to apoptosis (Figure 

6A,B, bottom panels). These data parallel cell viability data (supplementary Figure S2) that 

clearly indicated that compound 2 and 3 are as efficacious, or more efficacious than tested 

agents. Collectively, these data suggested that the covalent agents have cellular 

pharmacological properties that are at the least on par as the clinical candidates LCL161 or 

AT406.

Discussion and conclusions

In recent years we have witnessed a resurgence of targeted covalent therapeutics, with 

several newly covalent agents targeting surface Cys residues entering clinical studies.
1–14, 74–76 Arguably, this success is attributable to the proper balance between Cys reactivity, 
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plasma stability, and cell permeability of acrylamides warheads. Alpha-beta unsaturated 

carbonyls in acrylamides have been particularly attractive for cysteine drug targeting 

because of their balanced reactivity. Such balance between the rate of reaction, selectivity, 

and stability, seems ideally suited to target Cys residues, which is at the core of the success 

of the several FDA approved covalent drugs. Currently, increased drug discovery efforts 

focus on the Cysteinome,74–76 that is the target space that contains a druggable Cys residue. 

Based on this success, expanding such relatively limited target space to other more 

frequently occurring residues in proximity of binding sites such as Lys, Tyr, or His is 

emerging.15–18, 25 Several recent manuscripts report on covalent targeting of Lys residues in 

active sites of proteins by introduction of appropriately placed electrophiles on existing 

ligands.17, 18, 20, 77 Our own recent studies15, 16 and others19, 78 also revealed that it is 

possible to target Lys residues located at protein-protein interfaces, suggesting that in 

principle the target space of covalent antagonists of PPIs could be expanded to include Lys. 

Recent studies are already describing the Lysinome or the Tyrosinome as an ensemble of 

targets that present a “targetable” Lys or Tyr in proximity of their binding sites for co-factors 

in enzymes.79, 80 Recently, we further investigated side by side the merits and pitfalls of 

aryl-sulfonyl fluorides and aryl-fluorosulfates as possible warheads to target Lys, Tyr, and 

His in protein-protein interactions.16 We found that while sulfonyl fluorides can react 

quickly with these residues, these are fairly unstable in aqueous buffer and in plasma, in 

agreement with previous in vitro studies.22 Conversely, while aryl-fluorosulfates seemed 

very stable in buffer and in plasma,16, 68 their reactivity appeared relatively limited requiring 

several hours incubation time in vitro for the reaction to go to completion.16 This latter 

observation is in stark contrast with acrylamides, that, when properly juxtaposed to Cys 

residues, can react readily in vitro within a few minutes, while in cell they form stable 

adducts with their targets after relatively short exposure times (1–6 h). Of note is that 

sulfonyl fluorides and aryl-fluorosulfates also react with Cys residues rapidly but the 

resulting reaction products are not stable and thus usually not observed.22, 23 Another 

potential issue with these warheads is that the sulfamate linkage generated upon reaction of 

fluorosulfates with lysines could be labile towards hydrolytic cleavage.21 Hence, the 

question we tried to address here was whether aryl-fluorosulfates can approach the proper 

balance of stability, reactivity and cell permeability, similar to what observed with Cys and 

acrylamides, to be envisioned as future chemical probes or even therapeutics, in particular 

when targeting protein-protein interactions.

Targeting the BIR3 domain of XIAP using our recent NMR and enthalpy-based screening 

approaches,71 resulted in compound 1, as an effective Lys 311-targeting covalent agent.15, 16 

However, the reaction rate between compound 1 and the BIR3 domain of XIAP was 

relatively slow, requiring nearly 6 h incubation at 37 °C to observe a complete adduct 

formation in vitro, as it can be appreciated by the thermal shift data (Table 1). The reaction 

of compound 1 with BIR3 was largely incomplete after 2 h incubation as it can be inferred 

by the relatively small observed thermal shift (ΔTm < 10 °C, Table 1, supplementary Figure 

S1), while the same measurements after 6 h pre-incubation resulted in a ΔTm > 30 °C, 

typical of covalent binding.16 These observations made us wondering if such a reactivity is 

suitable for the development of effective agents that target covalently their targets also in 

cell. Our hypothesis was that the slow reactivity of compound 1 could be due to the fact that 
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both the Lys 311 and the ligand containing the warhead are predicted to be fairly flexible. 

Hence, we sought to design novel Lys-targeting inhibitors that more directly juxtaposed a 

binding site Lys with an aryl-fluorosulfate, in the hope that these could react more promptly, 

similar to what observed between Cys and acrylamides.

For this purpose, simple structure-based design studies identified Lys residues in proximity 

of position P4 of the tetrapeptides binding to the BIR3 domain of XIAP (Figure 1B). Lys 

residues are present in a similar position also in cIAP1 and cIAP2 (Figure 1C,D). Previous 

HTS by ΔH studies in our laboratory identified a 4-fluoro-Phe in position P4 that later was 

optimized to a 4fluoro-1-amino indane.15, 16, 81 Likewise we had identified in position P2 a 

tri-substituted Phe with increased potency with respect to a Val or a cyclohexyl-Gly in that 

position.15, 81 Hence, we synthesized two novel Lys-targeting ligands in which the 4-

fluoro-1-amino indane was replaced by a 4-fluorosulfate-1-amino indane in position P4, 

while cyclohexyl-Gly (compound 2) or the tri-substituted Phe (compound 3) were placed in 

position P2 (Table 1).

To assess whether these agents covalently interacted with the BIR3 domains of XIAP, 

cIAP1, or cIAP2, we performed a series of biochemical and biophysical studies. Incubation-

dependent IC50 measurements (Table 1, Figure 3) and thermal shift data (Table 1, 

supplementary Figure S1) suggested that both compounds 2 and 3 could potentially form a 

covalent bond with XIAP-BIR3. This was corroborated by mass spectrometry data and SDS 

gel electrophoresis with XIAP-BIR3 (Figure 3). Intriguingly, however, the time course of the 

reaction between compound 2 and the BIR3 domain of XIAP indicated a complete reaction 

within 30 min at 25 °C (Figure 3C). This is in stark contrast with previous data with 

compound 1, where the warhead is located on a more flexible side chain in position P2, 

targeting a more distant Lys 311 (Table 1) that required significantly longer incubation times 

for the covalent adduct to be fully formed.16 Thermal shift measurements with compounds 2 
and 3 binding to XIAP-BIR3 also displayed ΔTm values > 30 °C, hence, typical of covalent 

binding, already after 2 h pre-incubation, again in contrast to compound 1 that required 6 h 

pre-incubation (Table 1) to display similarly large ΔTm values. Next, we used HEK293 cells 

transfected with an HA-tagged BIR3 construct. We observed that the isolated BIR3 domain 

of XIAP, in its unbound form, was particularly unstable at 37 °C as also revealed by our 

thermal shift studies and previously by 1D 1H NMR.15, 16 Accordingly, western blot analysis 

using anti-HA antibody of HEK293 cell lysates that express HA-BIR3, revealed only a 

fainted band (if any) for HA unless the cells were treated with potent, cell permeable BIR3 

ligands, including LCL161 or AT406. Hence, exposing the cells to these ligands, resulted in 

the stabilization of the BIR3 domain as it was manifested in an intense band in the western 

blot (Figure 5A). Most interestingly, exposing cells to covalent agents 1, 2 and 3, resulted in 

even more intense bands (especially for compound 2) that are also appreciably shifted 

(especially for compounds 2 and 3, but much less for compound 1), clearly indicating that 

compounds 2 and 3 are not only cell permeable, but can also covalently interact with the 

target in cell (Figure 5A). On the contrary, as mentioned, the gel shift for compound 1 is less 

appreciable, again likely suggesting that this agent would require longer incubation times for 

the reaction to take place in cell.
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cIAP1 and cIAP2 present only one Lys residue in correspondence to the aryl-fluorosulfate, 

and modeling studies suggest that these Lys residues could likewise form covalent adduct 

with compounds 2 and 3 (Figure 1) as corroborated by DELFIA data and MS analyses 

(Figure 5). The position of these Lys residues is not the structural equivalent to Lys 297 of 

XIAP but rather of Lys 299. In addition, the proximity of another cationic residue in XIAP 

(Lys 299) may enhance the nucleophilic character of Lys 297. Both arguments would 

suggest that the reactivity of compounds 2 and 3 versus cIAP1 and cIAP2 should be less 

effective compared to XIAP, as it seems to be the case based on our data.

Finally, to further corroborate these data, we preliminarily assessed cellular efficacy of these 

agents by measuring their ability to induce cell apoptosis in the melanoma cell line SK-

MEL-28, and in the non-small cell lung cancer cell line A549, that have been reported to be 

resistant to TNFα due to overexpression of IAP proteins (Figure 5B,C). Using the 

IncuCyte® Cytotox Green apoptosis assay, we observed that TNFα (1 μg/ml) alone was not 

able to significantly induce apoptosis in these cell lines. Time- and dose-dependent apoptosis 

was restored in both SK-MEL-28 and A549 by co-treatment of TNFα and either LCL161, 

AT406 or our agents compounds 1–3 in nanomolar concentration (Figure 6), clearly 

corroborating their cellular activity.

With the resurgence and the success of covalent drugs targeting Cys residues via 

acrylamides-based Michael acceptors, our studies suggest that equally effective strategies 

targeting Lys residues could be expected by proper juxtaposition of aryl-fluorosulfates in 

small molecules or peptide mimetics. These observations should significantly widen the 

target space from the Cysteinome74–76 to other more abundant residues such as Lys, as 

shown here, or also Tyr, or His as we and others demonstrated recently.16, 25, 82 In targeting 

PPIs, in particular, our studies support our vision that aryl-fluorosulfates could be effectively 

incorporated into drug discovery strategies that have emerged in the past decade, including 

fragment-, structure-, and/or NMR-based approaches,58, 69, 70, 81, 83–85 phage display, and 

DNA encoded libraries,80, 86–88 aimed at deriving novel, potent, selective, and cell 

permeable PPI antagonists for continued lead optimizations and drug development.

Experimental Section

General Chemistry.

Solvent and reagents were commercially obtained and used without further purification. 

NMR spectra used to check concentration were recorded on Bruker Avance III 700MHz. 

High resolution mass spectral data were acquired on an Agilent LC-TOF instrument. RP-

HPLC purifications were performed on a JASCO preparative system equipped with a PDA 

detector and a fraction collector controlled by a ChromNAV system (JASCO) on a Luna C18 

10μ 10 × 250mm (Phenomenex) to > 95% purity. LCL161 and AT406 were obtained from 

MedChem Express. BAL resin was purchased from Creosalus. Fmoc-amino acids were 

purchased from Chem-Impex and Novabiochem. The AISF reagent was purchased from 

Sigma-Aldrich. Peptides were synthesized by using standard solid phase Fmoc peptide 

synthesis protocols. For each coupling reaction 3 eq. of Fmoc-AA, 3 eq. of HATU and 5 eq. 

of DIPEA in 1 ml of DMF were used. The coupling reaction was allowed to proceed for 50 

min at room temperature, followed by 3 washes with DMF. Kaiser test was employed to 
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monitor reaction completion. Fmoc deprotection was performed in two steps by treating the 

resin-bound peptide with 20% 4-methylpiperidine in DMF for 5 min then 15 min at room 

temperature.

Purity of tested compounds was assessed by HPLC using an Atlantis T3 3μm 4.6×150mm 

column (H2O/ACN gradient from 5% to 100% in 45min). All compounds have a purity 

>95% (supplementary Figure S4).

Compound 1: 4-((S)-3-((S)-2-(((R)-4-fluoro-2,3-dihydro-1-H-inden-1-

yl)carbamoyl)pyrrolidin-1yl)-2-((S)-2-(methylamino)propanamido)-3-oxopropyl)phenyl 

sulfurofluoridate. The synthesis and purification of compound 1 and the Fmoc protection of 

the DL-2-amino-3-(2-fluoro-5-methyl-4-(trifluoromethyl)phenyl)propanoic acid were 

described in our previous publication.16

Compound 2: (R)-1-((S)-1-((S)-2-cyclohexyl-2-((S)-2-

(methylamino)propanamido)acetyl)pyrrolidine-2-carboxamido)-2,3-dihydro-1H-inden-4-yl 

sulfurofluoridate. BAL resin was used as solid-phase support (0.05 mmol scale), and the 

previously described coupling conditions were used to obtain the peptidic part of the agent. 

Ary-lfluorosulfate incorporation was performed on resin, using [4-

(acetylamino)phenyl]imidodisulfuryl difluoride (AISF)30 reagent (1.2 eq., 2.2 eq. of DBU in 

THF, overnight reaction at room temperature). After cleavage, the crude was purified by 

preparative RP-HPLC using a Luna C18 column (Phenomenex) and water/acetonitrile 

gradient (5% to 100%) containing 0.1% TFA, obtaining a white powder (15.3 mg, 55.4%). 

1D 1H NMR is reported as supplementary Figure S5. HRMS: calcd 552.2418 (M); obs 

553.4656 (M+H)+.

Compound 3:(1R)-1-((2S)-1-(3-(2-fluoro-5-methyl-4-(trifluoromethyl)phenyl)-2-((S)-2-

(methylamino)propanamido)propanoyl)pyrrolidine-2-carboxamido)-2,3-dihydro-1H-

inden-4-yl sulfurofluoridate. BAL resin was used as solid-phase support (0.05 mmol scale), 

and the previously described coupling conditions were used to obtain the peptidic part of the 

agent. Aryl-fluorosulfate incorporation was performed on resin, using [4-

(acetylamino)phenyl]imidodisulfuryl difluoride (AISF)30 reagent (1.2 eq., 2.2 eq. of DBU in 

THF, overnight reaction at room temperature). After cleavage, the crude was purified by 

preparative RP-HPLC using a Luna C18 column (Phenomenex) and water/acetonitrile 

gradient (5% to 100%) containing 0.1% TFA, obtaining a white powder (22.0 mg, 66.6%). 

1D 1H NMR is reported as supplementary Figure S5. HRMS: calcd 660.2043 (M); obs 

661.2114 (M+H)+, 683.1933 (M+Na) +. Attempts to separate the resulting two 

diastereoisomers of compound 3 were made using three different HPLC columns: Luna 

10um C18(2) 100A 250×10mm (Phenomenex); Hypersil GOLD PFP 5μm 250×10mm 

(Thermo Scientific); XTerra MS C18 OBD 125A 10μm 250×10. However, no appreciable 

separation of the two epimers was observed after different methods were used. NMR 

analysis of the purified product showed signals compatible with the presence of a nearly 

50:50 mixture of the two species (Supplementary Figure S6).
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Protein Expression and Purification.

cDNA fragments encoding the human BIR3 domain of XIAP (residues 253–347) and an N-

terminal His tag were used in the expressions of XIAP-BIR3.15 The fragments were 

transformed into E. coli BL21-Gold(DE3) pLysS cells and grown in LB medium at 37 °C 

with 100 μg/mL of ampicillin until reaching an OD600 of 0.6–0.7 followed by induction with 

1 mM IPTG overnight at 25 °C. Bacteria were then collected by centrifugation and lysed by 

sonication at 4 °C. Proteins were purified using Ni2+ affinity chromatography, eluted in 25 

mM Tris at pH 7.5, 500 mM NaCl, and 500 mM imidazole, and exchanged with a desalting 

column into an aqueous buffer composed of 25 mM Tris at pH 8, 150 mM NaCl, 50 μM 

Zn(Ac)2, and 1 mM DTT. The recombinant BIR3 domains of cIAP1 and cIAP2 with N-

terminal 6xHis tag were obtained from Reaction Biology Corp. (Malvern, PA).

Dissociation-Enhanced Lanthanide Fluorescence Immunoassay (DELFIA).

Each well of the 96-well streptavidin-coated plates (PerkinElmer) was incubated with 100 

μL of 100 nM AVPI-Biotin (AVPIAQKSEK-Biotin) for 1 h followed by three washing steps 

to remove the unbound AVPI-Biotin. Subsequently, a solution containing 89 μL of Eu-N1-

labeled anti-6xHis antibody (PerkinElmer) and a mixture containing 11 μL of the protein 

and a serial dilution of the test compounds were added to each well and incubated for 2 h 

with or without pre-incubation (6-h incubation of only the protein and the test compounds). 

At the end of the incubation period, plates were washed three times with DELFIA wash 

(PerkinElmer) and 200 μL of the DELFIA enhancement solution (PerkinElmer) was added 

to each well. Following a 10-min incubation with the enhancement solution, fluorescence 

was measured using the VICTOR X5 microplate reader (PerkinElmer) with the excitation 

and emission wavelengths of 340 and 615 nm, respectively. The final antibody 

concentrations used for XIAP-BIR3 and cIAP1-BIR3 were 22.2 ng/well and 29.7 ng/well 

for cIAP2-BIR3. The final protein concentrations were 30 nM for XIAP-BIR3 and cIAP1-

BIR3 and 15 nM for cIAP2-BIR3. Protein, peptide, and antibody solutions were prepared 

with DELFIA assay buffer (PerkinElmer) and all the incubations were performed at room 

temperature. Samples were normalized to 1% DMSO and reported as % inhibition. The IC50 

values were calculated from dose-response curves using GraphPad Prism version 7. The 

reported SE values were obtained from replicate measurements.

Gel Electrophoresis.

10 μM of each protein was incubated at various time points with 100 μM of compounds in a 

buffer containing 25 mM Tris pH 8, 150 mM NaCl, and 50 μM zinc acetate either at room 

temperature or 37 μC. Samples were loaded onto the NuPAGE 12% Bis-Tris Protein Gels 

(Life Technologies) and electrophoresed using MES running buffer (Life Technologies) at 

200 V for 35 min. Gels were then stained with SimplyBlue SafeStain (Life Technologies) 

according to the manufacturer’s protocol.

Cell Culture and Nuclear Labeling.

Non-small cell lung cancer A549 NucLight Red cells were purchased from Essen 

Bioscience and cultured in Ham’s F-12 nutrient mixture with GlutaMAX-1 (Gibco) 

supplemented with 10% FBS, 1% PenStrep (100 U/mL penicillin and 100 μg/mL 
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streptomycin) and 0.5 μg/mL puromycin. Human melanoma cell line SK-MEL-28 was 

obtained from the American Type Culture Collection (ATCC) and the cells were nuclear 

labeled red (SK-MEL-28 NucLight Red) with the IncuCyte NucLight lentivirus reagent 

(Essen Bioscience) according to the manufacturer’s protocol. SK-MEL-28 NucLight Red 

cells were cultured in EMEM (ATCC) supplemented as described above with the exception 

of 1 μg/mL puromycin. HEK293T cell line was purchased from ATCC and cultured in 

DMEM supplemented with 10% FBS and 1% PenStrep. All cells were maintained at 37 °C 

in a humidified incubator with 5% CO2.

Apoptosis Assay.

A549 NucLight Red or SK-MEL-28 NucLight Red cells were seeded at 5 × 103 cell/well in 

96-well plates and allowed to attach overnight. The media were removed, and the cells were 

treated with various concentrations of compounds in the presence or absence of 1 ng/mL 

TNFα (R&D Systems) and at a final concentration of 2.5 μM of the IncuCyte Caspase-3/7 

Green Apoptosis Reagent (Essen Bioscience) for 4 days. Live images were taken every 3 h 

with the IncuCyte S3 live-cell analysis system and the data at a 36-h time point were 

analyzed. The Top-Hat method was used to subtract background noise from the red and 

green channels.

Immunoblots.

The HA-XIAP-BIR3 plasmid was a gift from Dr. Colin Duckett (Addgene plasmid #25689). 

One million HEK293T cells were plated in 6-well plates and left to attach overnight. The 

following day, cells were transfected with 0.5 μg of the HA-XIAP-BIR3 plasmid using 

Lipofectamine 2000 (Thermo Fisher) in complete DMEM media supplemented with 10% 

FBS and 1% PenStrep. 18 h post-transfection, the media was replaced with serum-free 

DMEM containing 10 μM of compounds [1% of DMSO] and incubated for an additional 6 

h. Finally, the cells were lysed with lysis buffer [20 mM Tris, pH 7.4, 120 mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1% IGEPAL, 5 mM EDTA] 

supplemented with EDTA-free protease inhibitor cocktail and PhosSTOP (SigmaAldrich) 

for 10 min on cold ice.

One million cells of A549 NucLight Red cells or SK-MEL-28 cells were plated in 6-well 

plates. The following day, media was removed, and cells were incubated with media serum-

free containing DMSO or 1 μM of each compound. After 3 h of incubation, cells were 

washed and lysed as mentioned earlier. Lysates were centrifuged and supernatants were 

collected. The protein content was quantified, and the samples were prepared using a 

NuPAGE antioxidant and LDS sample buffer (Thermo Fisher) and heated for 10 min at 70 

°C. Each sample containing 10 μg of proteins were loaded into 4–12% or 12% NuPAGE 

Bis–Tris precast gels and transferred to PVDF membranes. The membranes were blocked 

with 5% milk in TBS and 0.1% Tween (TBST) and incubated with anti-HA (Santa Cruz 

Biotechnology, Y-11, sc-805), anti-cIAP1 (Cell Signaling 7065), XIAP (Cell Signaling 

2045) or cIAP2 (Cell Signaling 3130) overnight at 4 °C. Next day, the membrane was 

washed with TBST and incubated with goat anti-rabbit HRP secondary antibodies. The 

antigen–antibody complexes were visualized using a Clarity Western ECL Max kit (BIO-
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RAD). The membrane was stripped, and the western blot was repeated using a β-actin 

primary antibody (Santa Cruz Biotechnology, sc-69879) to check for loading.

Thermal Shift Assay.

Thermal shift assays for BIR3 construct/inhibitor complexes were obtained with a BioRad 

CFX Connect Real-Time PCR Detection System. Each data point was collected in triplicate. 

Incubation of BIR3 protein with inhibitor followed one of two parameters, either 37 °C for 6 

h or 25 °C for 2 h. Protein/inhibitor complexes and 5000x SYPRO Orange dye (Sigma) were 

diluted using reaction buffer, 50 mM Tris pH 8.0, 150 mM NaCl, 50 μM Zinc acetate, to 

obtain final concentrations of 5 μM BIR3, 10 μM inhibitor, and 60x SYPRO Orange. Sample 

plates were heated from 10 °C to 95 °C with heating increments of 0.05 °C, over 30 min. 

Fluorescence intensity was measured within the excitation/emission ranges 470–505/540–

700 nm.

Plasma stability.

To test the stability of the agents reported in Table 1, mouse plasma at 37 °C (GenTex: 

GTX73236) was diluted to 80% with 0.05 M PBS (pH 7.4). Test compounds were added to 

a 1 ml plasma solution to yield a final concentration of 200 μM (37 °C in triplicate). 

Samples (50 μl) were taken at various time points (0, 15, 30, 45, 60, 90 and 120 min) and 

dissolved in 200 μl acetonitrile (4 °C) in order to deproteinize the plasma. After vortexing 

for 1 min followed by centrifugation (4 °C for 15 min at 14,000 rpm), the clear supernatants 

were analyzed by Mass Spec Analysis.

Nuclear Magnetic Resonance.

Solution Nuclear Magnetic Resonance (NMR) experiments were conducted on a 700 MHz 

Bruker Avance spectrometer equipped with a TCI cryoprobe. Each protein sample was 

dissolved into an NMR tube at a final concentration of 20 μM (1% d6-dmso) in the presence 

of 100 μM of compound 2 in a buffer containing 25 mM TRIS (2-amino-2-

(hydroxymethyl)propane-1,3-diol), pH = 8, 150 mM NaCl, 50 μM of zinc acetate, and 1 mM 

of DTT. 2D [15N,1H]-sofast HMQC and 1D 1H-aliphatic experiments were acquired.84 

NMR data were processed and analyzed using TopSpin 3.6.1 (Bruker).

Molecular modeling.

Covalent docking of compounds in Figure 1, was obtained using Gold (Cambridge 

Crystallographic Data Center; www.ccdc.cam.ac.uk) (compound 1) or by non-covalent 

docking followed by manual bond formation and energy minimization of the covalent adduct 

(SYBYL-X 2.1.1; Certara, Princeton, NJ; compound 2) using Protein Data Bank entries 

3HL5, 3UW4, and 2UVL for XIAP, cIAP1 and cIAP2, respectively. The docking 

preparation for both protein and ligands was performed using SYBYL-X 2.1.1 (Certara, 

Princeton, NJ) and MOE 2019.0101 (Chemical Computing Group). The figures were 

generated using MOE 2019.0101 (Chemical Computing Group). The coordinates for models 

of compound 2 in complex with the BIR3 domains are provided as supplementary 

information.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DIPEA N,N-diisopropylethylamine
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Figure 1. Molecular docking of compounds 1 and 2 with the BIR3 domains of XIAP, cIAP1, and 
cIAP2.
Covalent docking pose of compound 1 into the binding pocket of the BIR3 domain of XIAP 

(PDB ID 3HL5). Lys 311, forming the covalent bond with compound 1, and lysine residues 

297, and 299 are highlighted in orange. B) Covalent docking pose of compound 2 into the 

binding pocket of the BIR3 domain of XIAP (PDB ID 3HL5). Lys 297, forming the covalent 

bond with compound 2, and lysine residues 311 and 299 are displayed as stick models and 

labeled. C) Covalent docking pose of compound 2 into the binding pocket of the BIR3 

domain of cIAP1 (PDB ID 3UW4). Lys 291, forming the covalent bond with compound 2, is 

highlighted as stick model, while the residues glutamic acid 303 and aspartic acid 289, 

corresponding to the Lys 311 and Lys 297 of XIAP, respectively, are also displayed and 

labeled. D) Covalent docking pose of compound 2 into the binding pocket of the BIR3 

domain of cIAP2 (PDB ID 2UVL). Lys 291, forming the covalent bond with compound 2, is 

displayed, while the residues glutamic acid 303, and Aspartic acid 289, corresponding to the 

Lys 311 and Lys 297 of XIAP, respectively, are also displayed and labeled.
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Figure 2. General scheme for the synthesis of compounds 2 and 3.
Conditions: (a) DMF, 30 min, rt; (b) Sodium triacetoxyborohydride (3 eq), o/n, rt; (c) Fmoc-

Pro-COOH (3 eq), HATU (3 eq), DIPEA (5 eq), 2 h, rt; (d) 20% 4-methylpiperidine in DMF, 

rt; (e) Fmoc-Chg-COOH or Fmoc-2-amino-3-(2-fluoro-5-methyl-4-

(trifluoromethyl)phenyl)propanoic acid (3 eq), HATU (3 eq), DIPEA (5 eq), 50 min, rt; (f) 

Boc-NMe-Ala-COOH, HATU (3 eq), DIPEA (5 eq), 50 min, rt; (g) AISF (1.2 eq), DBU (2.2 

eq), THF, o/n, rt; (h) TFA/TIS/water/phenol (94:2:2:2), 3 h, rt. The stereochemistry for the 

group R is L for compound 2 and racemic DL for compound 3.
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Figure 3. In vitro characterization of covalent binding for compounds 2 and 3 to the BIR3 
domain of XIAP.
A) DELFIA displacement curves relative to the BIR3 domain of XIAP without pre-

incubation (blue), and after 6 h pre-incubation (red) with compounds 2 (left), and 3 (right). 

The decrease in IC50 values with the pre-incubation time is typical for compounds that form 

a covalent bond. B) (top panel) SDS-PAGE gel electrophoresis followed by Coomassie 

staining of the BIR3 domain of XIAP incubated for 6 h at 25 °C with compounds 2 and 3 
with a protein-ligand ratio of 1:10. (bottom panel) LC-MS spectra of the BIR3 domain of 

XIAP in the absence (left), in the presence of compound 2 (center), and in the presence of 

compound 3 (right). The mass of the BIR3 domain of XIAP is 13,106 Da, and the mass 

increases by 533 Da in the presence of compound 2, and by 641 Da in the presence of 

compound 3, corresponding to those of the respective covalent adducts. C) SDS-PAGE gel 

electrophoresis followed by Coomassie staining of the BIR3 domain of XIAP incubated at 

different times at 25 °C with compound 2 with a protein-ligand ratio of 1:10. D) 1H-1D 

NMR spectra of the aliphatic region of 20 μM BIR3 domain of XIAP with 100 μM of 

compound 2 recorded at different times as indicated. The spectra are changing with time, 

suggesting the presence of an ongoing reaction between the protein and the covalent agent. 

E) [1H, 15N]-sofastHMQC spectra of 20 μM BIR3 domain of XIAP selectively labeled with 
15N-Lysine in the presence of 100 μM of compound 2 recorded after 15 min (blue), 30 min 

(red), 60 min (green), and 75 min (yellow). The intensity of the peak corresponding to the 

Lys 297 is time-dependent, typical of an ongoing reaction, suggesting the covalent binding 

to this Lysine residue.
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Figure 4. In vitro validation of covalent binding of compounds 1, 2, and 3, to the BIR3 domain of 
cIAP1 and cIAP2.
DELFIA displacement curves relative to the BIR3 domain of cIAP1 A) and the BIR3 

domain of cIAP2 B) without pre-incubation (blue), and with 6 h pre-incubation (red) with 

compounds 2 (left), 3 (center), and 1 (right). For compounds 2 and 3, the IC50 values 

decreased with increasing pre-incubation time, typical for a covalent interaction, while the 

IC50 of compound 1 is pretty much constant. LC-MS spectra of the BIR3 domain of cIAP1 

C) and the BIR3 domain of cIAP2 D) in the absence and in presence of compounds 2, 3, and 

1. The mass of the BIR3 domain of cIAP1 is 16,039 Da, while the mass of the BIR3 domain 

of cIAP2 is 15,925 Da. For both proteins, the mass increases by 533 Da and 641 Da in the 
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presence of compounds 2 and 3, respectively. There is no increase in mass in the presence of 

compound 1.
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Figure 5. Covalent bond formation in cell and cellular effect of compounds of IAP levels.
A) WB analysis of HA-BIR3 of XIAP-expressing HEK293T cells after exposure to 10 μM 

of each of the indicated compounds. Band intensity is qualitatively proportional to 

compounds’ permeability and induction of protein stability in cell. Covalent adduct 

formation is clearly appreciable by a band shift due to the slightly increased molecular 

weight of covalent adducts (see Figure 2) compared to the native protein. This is observed 

with compounds 2 and 3 in particular, while this is less appreciable with compound 1, 

indicating an incomplete reaction under these experimental conditions. Effect of each agent 

on XIAP, cIAP1 and cIAP2 protein levels after exposure of melanoma cell line SK-MEL-28 

B) or non-small cell lung cancer cell line A549 C) to the indicated agents (1 μM for 3 h). All 

agents caused a significant reduction in cIAP1 and cIAP2 (more evident with the A549 cell 

line) levels, and compound 2 seems overall more effective than the others tested.
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Figure 6. Induction of apoptosis in the presence of TNFα in cell lines.
Cells were treated with various compounds and normalized to 1% DMSO (v/v) control in 

the presence or absence of 1 ng/mL TNFα. Caspase activity was monitored with the 

IncuCyte S3 live-cell analysis system. Histograms displaying caspase activity for A) human 

melanoma cell line, SK-MEL-28 and B) lung cancer cell line, A549 were measured at a 36-h 

time point. Data were presented as mean ± SE of at least 2 independent experiments. 

*p<0.05, **p<0.005 compared to highest concentration of compound + TNFα used for 

treatment, as determined by a two-way ANOVA using Bonferroni post-test analysis. Time-

response curves for the caspase activity after the indicated treatments for SK-MEL-28 cells 

and A549 cells were shown on their respective bottom panels.
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Table 1.

Structures and Inhibitory Data for Select Compounds That Interact with Various Members of the IAP 

Family
a,b,c

ID STRUCTURE

XIAP-BIR3
cIAP1-BIR3 

IC50 (nM)
cIAP2-BIR3 

IC50 (nM)
IC50 [nM]

a ΔTm 

[°C]
b

LCL161 50 ± 5
40 ± 14

14.0
18.5

18.6 ± 0.1
21 ± 3

11 ± 4
19 ± 2

AT406 42 ± 7
47.8 ± 0.2

17.0
19.0

34± 1
35± 2

44 ± 5

133.0 ± 0.2
c

1 63 ± 6
28 ± 6

9.5
33.5

24 ± 1
20 ± 5

40 ± 3
47 ± 23

2 38 ± 1
12 ± 2

37.5
38.0

25 ± 1
14 ± 2

28 ± 1
9 ± 3

3 74 ± 2
11.0 ± 0.2

37.5
35.5

50 ± 2
15 ± 2

120 ± 24
12.5 ± 0.3

J Med Chem. Author manuscript; available in PMC 2020 October 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Baggio et al. Page 28

a
IC50 values calculated from dose-response curves obtained without pre-incubation and after 6 h pre-incubation of protein and test ligands, at 

room temperature.

b
Thermal shift (ΔTm) data were obtained from pre-incubating the proteins and test ligands for 2 h at room temperature or 6 h at 37 °C.

c
The increased IC50 value is likely due to compound precipitation after 6-h pre-incubation.
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