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Abstract :

Insulin-degrading enzyme, IDE, is a metalloprotease implicated in the metabolism of key
peptides such as insulin, glucagon, B-amyloid peptide. Recent studies have pointed out its
broader role in the cell physiology. In order to identify new drug-like inhibitors of IDE with
optimal pharmacokinetic properties to probe its multiple roles, we ran a high-throughput drug
repurposing screening. Ebselen, cefmetazole and rabeprazole were identified as reversible
inhibitors of IDE. Ebselen is the most potent inhibitor (ICso (insutiny = 14 nM). The molecular
mode of action of ebselen was investigated by biophysical methods. We show that ebselen
induces the disorder of the IDE catalytic cleft, which significantly differs from the previously
reported IDE inhibitors. IDE inhibition by ebselen can explain some of its reported activities

in metabolism as well as in neuroprotection.

Abbreviations used

ADMA, asymmetrical dimethylarginine; DDAH, dimethylarginine dimethylaminohydrolase;
DMSO, dimethylsulfoxide; EDTA, Ethylenediaminetetraacetic acid; IDE, Insulin-degrading
enzyme; IDE-CF, cysteine-free IDE; GNAT, GenS-related N-acetyltransferase; HDAC,
histone desaceylase; NDM-1, New Delhi metallo-B-lactamase; nitric oxide synthase, NOS;

PBP, penicillin-binding protein; PBS, phosphate buffered saline; rt, room temperature;
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1. Introduction

Insulin-Degrading Enzyme (IDE) is known for decades, yet its function remain poorly
understood [1,2]. It is a ubiquitous, 110 kDa protease found in both intra- and extra-cellular
compartments. IDE is a proteolytic enzyme involved in the degradation of many substrates
[3]. In particular, it is the main enzyme responsible for the intracellular hydrolysis of insulin
[4]. Glucagon [5] and amylin [6], other peptidic hormones secreted by the pancreas, are also
substrates of IDE. Interestingly, along with insulin, these hormones regulate the metabolism
of glucose and other energetic substrates like fatty acids. IDE was also proposed as one the
enzymes involved in the catabolism of AP [7,8]. The involvement of IDE in the degradation
of all these substrates suggests a potential role of IDE in processes modulated by these
proteins. Interestingly, many substrates of IDE share a propensity to be amyloidogenic
peptides [9].
IDE has an atypical structure that was solved in 2006 [10]. The displacement of IDE-N and
IDE-C likely mediates the open-closed conformational switch required for the entrance of
diverse substrates and the exit of products. Crystal structures of human IDE (hIDE) have
revealed an IDE dimer with the fully closed catalytic chamber, though other experiments
revealed that the open states are preferred in solution and allow the entry of large substrates
(e.g. AP, or insulin) in the chamber. An unexpected displacement (swinging-door) of a
subdomain that creates an 18A opening to the chamber, which permits the entry of short
peptides, has been postulated [11]. Recently, cryoEM structures of IDE open states and
insulin-bound states revealed the mechanism by which amyloidogenic peptides, like insulin,
are captured and hydrolyzed by IDE [12].

IDE has emerged as an atypical protein that is involved in many pathways [13].It has been
shown to behave as a dead-end chaperone for aggregating peptides [14] ant to interact with

the proteasome-ubiquitin system [15]. IDE has thus been shown to be involved in many
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processes at the cellular level, but the phenotype of KO animals is very mild. Importantly,
IDE’s sequence is strikingly conserved amongst distantly related species, suggesting critical
functions, Although these properties of IDE have raised the interest of biologists since many
years without revealing its exact role, only a few teams have looked for inhibitors with probe-
like properties, as a result only a couple of inhibitors that can be used in vivo are available.
First, Leissring et al disclosed a peptidomimetic inhibitor Iil [16] (Fig. 1). Due to low
permeability, this inhibitor was not tested in cellular assays. Our team has developed a series
of carboxylic acids and ester pro-drugs like BDM43079 and BDM43124 respectively, that
bind both a permanent exosite and the discontinuous, conformational catalytic site [17-18]
(Fig. 1). Maianti et al disclosed 6bK a macrocyclic peptide, binding at distance from the
catalytic site, in the primary exosite pocket [19] (Fig. 1). Eli Lilly discovered the dual site
inhibitor NTE-1, not interacting with the catalytic site, by a fragment-based strategy [20]
(Fig. 1). Our team discovered drug-like compound BDM44768 from an in situ click chemistry
strategy [21] (Fig. 1). Surprisingly, BDM44768, NTE-1 and 6bK displayed different effects

on glucose tolerance in vivo, underlying the complex role of IDE.
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Fig. 1: Inhibitors of AIDE.
2. Results and Discussion
2.1.  Screening of a 1120-member library.

With the aim of discovering new chemical probes having desired drug-like properties,
to explore the complex role of hIDE, we screened at 30 uM a library of 1120 compounds that
have reported clinical data (Fig. 2). The average Z' factor value for assays is 0.61 and the
percentage of inhibition of reference inhibitor EDTA 71% (Supporting information Table S1
and Fig. S1). Out of these compounds, 12 molecules displayed a percentage of inhibition
above threshold (30%) at the screening concentration (Fig. 2). Dose-response curves were
performed and 5 compounds (1-5) were confirmed (0.44% hit rate), with 1Csos ranging from
42 nM to 100 uM: rolitetracycline, myricetine, ebselen, cefmetazole and rabeprazole which
display unique structural motifs and activities (Fig. 3 and Table 1). This hit rate is comparable
to those published with other drug libraries (Prestwick, LOPAC...) screened on isolated
targets (Supporting information Table S2).

Table 1: Inhibitory potencies of confirmed positives.

Cpd# Name 1Cso (uM)?
1 rolitetracycline 100
2 myricetine 100
3 cefmetazole 7
4 rabeprazole 11
5 ebselen 0.042
2 ATTO 655- Cys-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Trp substrate
1120 compounds
> 30% inh.

A 2
12 compounds

CalcICqq
v
5 confirmed positives

ICqp < 50UM

v
3 hits
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Fig. 2: Screening cascade.

Out of these compounds we selected cefmetazole (3), rabeprazole (4) and ebselen (5) for

further investigation of mode of action and/or binding.
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Fig. 3: Structures and DRCs of confirmed positives 1-5.

2.2. Cefmetazole 3
2.2.1. Reported activities.

Cefmetazole 3 (ICso = 7 uM) is a cephalosporin that inhibits irreversibly bacterial
penicillin-binding proteins (PBP), the transpeptidases implicated in the peptidoglycan
synthesis. Its mechanism is driven by the electrophilicity of the lactam function that forms an
adduct with the catalytic serine in PBPs. It has been shown that cefmetazole behaves as a pan
autophagy inhibitor suggesting the existence of eukaryotic targets [22]. It also inhibits the

intracellular accumulation of al-antitrypsin in a phenotypic screening in C.elegans. [23].

2.2.2. Reversibility of inhibition of 3.
As cefmetazole (3) can react with nucleophile centers because its electrophilic

behavior, we evaluated the reversibility of the binding of 3 to IDE (Fig. 4A). Cefmetazole at
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50 uM inhibits hIDE (68% inhibition, green bar) while 0.5 uM of cefmetazole is inactive
(cyan bar). Recovery of hIDE activity after large dilution (magenta bar) shows that
cefmetazole (3) is a reversible inhibitor of hIDE (Fig. 4A), like BDM44768 (Fig. 4C) while

N-ethylmaleimide (NEM, Fig. 4D) is an irreversible inhibitor.

A cefmetazole B ebselen
100 100
80 80 -
S 60 S 60
2 =
£ 40 - % 40 -
S 20 < 20
0 - 0
-20 20
C BDM44768 D N-methylmaleimide
100 100
80 80
c c . C
S 60 - S 60 -
5 a0 - O croo
£ 9. £ 5 | [l Diluted 100-fold
ES B
0 - 0 -
-20 -20

Fig. 4: Assessment of irreversible/reversible mechanism of inhibition.

Compounds identified in screening: cefmetazole 3 (A) and ebselen 5 (B) were pre-incubated 30 minutes at room
temperature with hIDE before adding substrate (SuM), at final concentrations C (green bar) and 0.01C (cyan
bar) respectively. Pre-incubate at C was diluted 100-fold (magenta bar) before adding the substrate. Percent of
inhibition are mean of 4 experiments. BDM44768 (C) a reversible inhibitor of hIDE and N-ethylmaleimide
NEM (D) an irreversible inhibitor are used as controls. Recovery of hIDE activity minutes after large dilution
(magenta bars) for cefmetazole 3 (A) and ebselen 5 (C) show that these compounds are reversible inhibitors of

IDE.

2.2.3. Binding of 3.
We docked 3 within hIDE (Fig. 6). In our model, cefmetazole 3 makes contacts with
both N-term and C-term domains of hIDE. It interacts with the catalytic Zinc** ion via its
carboxylate group (Fig. 5). The lactam function makes a hydrogen bond with GIn111. The N-

acetylated side chain of the cephalosporin is engaged in three interactions: an hydrogen bond



10
11
12

13

14

15

16

17

18

19

between the sulfur and the hydroxyle side-chain of Serizs, interaction of NH with Argsz4 and
Aspis2 via a hydrogen bond network with water molecules, and a hydrogen bond between the
nitrile group and the backbone NH Seri3g (Fig. 5). In the model, no nucleophilic amino-acid
could be seen in the vicinity of the lactam function. This binding mode is consistent with the
reversible inhibition. Cefmetazole is the only cephalosporin displaying the nitrile side

function, explaining why no other cephalosporin in the set was found to inhibit hIDE.

Fig. 5: Binding mode of cefmetazole in IDE.

Docked in PDB 4NXO. Oxygens, Nitrogens and Sulfurs are in red, blue and orange respectively, Carbons are in
in gray (N-term) or light pink (C-term) for catalytic site amino-acids and in cyan for compounds. Polar
hydrogens of cefmetazole are in white. Zinc ion is represented as a magenta sphere. Polar contacts and

interactions are represented as black dashed lines. Nitrile function is pointed by black arrow.

2.3.  Rabeprazole 4.
2.3.1. Reported activities.
Rabeprazole (ICso = 11 uM) is a prodrug that inhibits covalently the proton H/K*
ATPase pump after activation into a sulphenamide. As such, it is used to inhibit gastric acid
secretion and thus treat ulcers and gastro-intestinal reflux. All approved proton-pump

inhibitors (PPI) contain the 2-pyridylmethylsulfinylbenzimidazole scaffold. Rabeprazole has
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also been reported, along with other PPI, as an inhibitor (ICso = 53 pM) of dimethylarginine
dimethylaminohydrolase =~ (DDAH), an enzyme that metabolizes asymmetrical
dimethylarginine (ADMA), an endogenous and competitive inhibitor of nitric oxide (NO)
synthase (NOS) [24]. More recently, rabeprazole was disclosed to be an inhibitor of endo-
beta-N-acetylglucosaminidase (ENGase) (ICso = 4 uM) [25]. We show here that IDE is
another point of interaction of rabeprazole with the proteome
2.3.2. Mode of inhibition, binding and preliminary SAR.

In our model, rabeprazole interacts with both N-term and C-term domains of hIDE.
Both the N-3 of benzimidazole ring and the oxygen of the sulfoxide function of rabeprazole
interact with the Zn>* ion (Fig. 6). The N-1 of the benzimidazole ring makes a hydrogen bond
with Asnl39. Pyridine and Arg824 are engaged in a cation-m interaction. Of note, 3-
methoxypropyl-oxy side-chain makes a hydrogen-bond with Ser128 and a hydrogen-n

interaction with Phel15 (Fig. 6).

Fig. 6: Binding mode of rabeprazole in IDE.

Docked in PDB 4NXO. Oxygens, Nitrogens and Sulfurs are in red, blue and orange respectively, Carbons are in
gray (N-term) or light pink (C-term) for catalytic site amino-acids and in cyan for rabeprazole. Polar hydrogens
of rabeprazole are in white. Zinc ion is represented as a magenta sphere. Polar contacts and interactions of

rabeprazole with hIDE are represented as black dashed blacklines.
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Interestingly, several other PPI were in the screening library. Comparison of activities
revealed that rabeprazole was by far the most potent analogue. Absence of substituent on the
benzimidazole along with a long propylether chain in R2 may account for the better activity
of rabeprazole in comparison with other pharmacological class members (Table 2). Indeed,
docking studies show that the oxygen of the sulfoxide moiety of rabeprazole interacts with the
Zn* jon while the long propyl ether chain is engaged in a unique interaction with Seri»s and
Phejis.

Table 2: Compared activities of proton-pump inhibitors on hIDE

H
N °
| | =S  N=
N
R X \ R3
R1 R2
Compound ICso(uM) X R R1 R2 R3
(%inb
@100uM)

omeprazole _ 41 C CH;0- CHs- CH;0O- CHs-
lansoprazole _ (398 C H- CH;- CF;-CH20- H-
pantoprazole _©O C CHE0O- CH;30- CH;0- H-
tenatoprazole _(35) N CH;0- CH3- CH;0- CHs-
rabeprazole 11 (98) C H- CHs- CH30-(CH»)3-O- H-

2.4.  Ebselen 5.
2.4.1. Reported activities.

Ebselen, the most potent inhibitor (ICso = 42 nM), is a seleno-organic compound that
is known to make covalent bonds with cysteines [26]. Multiple bioactivities have reported in
the literature for ebselen (Supporting information Table S3 and S4). Historically, ebselen was
described as a gluthation peroxidase mimic. Zhao et al. suggested then that the antioxidant
and anti-inflammatory actions of ebselen were due to its activity as a substrate of thioredoxine
reductase [27]. Ebselen also reacts with hydroperoxides in membranes to protect cells from
free radical damage [28-29]. Along with these activities, ebselen inhibits directly several

enzymes involved in inflammation processes like NO synthases, NADPH oxidase, protein

10
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kinase C and H*/K*-ATPase, lipooxygenases [29,30] by reacting with cysteines to form
selenosulfide complexes (Supplementary Table S2). Due to these properties, it has been
evaluated in the protection of the brain after ischemia and stroke both in animal models [31]
and in humans [32]. In the latter trial, ebselen, at 10 mg kg™!, significantly reduced the volume
of infarction in brain. Ebselen was recently proposed as an anticancer agent on the basis of
histone desacetylases (HDAC) inhibition or methionine aminopeptidases (MetAP), a protease
involved in angiogenesis [33,34]. Finally, a recent report describes the inhibition of glutamate
dehydrogenase (GDH) by ebselen [35].
Ebselen has also been tested against infectious diseases (Supporting information Table S4).
Most recent examples include inhibition of New Delhi metallo-p-lactamase (NDM-1) [36],
activity against resistant staphylococci [37] or binding to antigen 85C from Mycobacterium
tuberculosis [38]. Ebselen is also an inhibitor of 7bHK1 from the parasite Trypanosoma
brucei [39]. Finally, several antiviral activities have been reported recently. Ebselen is an
inhibitor of HIV-1 capsid dimerization [40] and of Hepatitis C Helicase NS3 binding to
nucleic acids [41]. Importantly, in most cases, ebselen was shown to be a covalent,
irreversible ligand (inhibitor) of these proteins. Recently, ebselen was found by screening to
be an inhibitor of bacterial and human inosine 5’-monophosphate dehydrogenase [42].

2.4.2. Mode of inhibition.
Ebselen is a thiol reactive compound. IDE contains 13 cysteines (Fig. 7), some of which have
been proven important for catalytic activity [43]. We used the cysteine-free IDE (IDE-CF),
that is still catalytically active, to probe the implication of the cysteines in the inhibition mode
of ebselen [44]. In these conditions, ebselen is not active (2% inhibition at 100uM) (Table 3).

Table 3: Activity of ebselen on hIDEwt and hIDE-CF.

hIDEwt hIDE-CF
ICs0 (M)

ebselen 0.042 > 100
0.0144 b

11
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C178 Cc819

Fig. 7: Cysteines in AIDE.

From PDB 4NXO. N-terminal part in cyan, C-term part in warm pink, hinge in orange, Zinc ion represented as

magenta sphere, C-a of 11 cysteines represented as yellow spheres.

Many thiol-reactive agents act through irreversible binding but some act as reversible
inhibitors. Ebselen at 1.25 pM inhibits AIDE (88% inhibition, green bar, Fig. 4B) while
0.0125uM of ebselen is inactive (cyan bar). Ebselen was pre-incubated at 1.25 uM for 30
minutes at room temperature with AIDE. Pre-incubate was diluted 100-fold (magenta bar)
before adding the substrate. Recovery of AIDE activity after large dilution (magenta bar)
shows that ebselen is a reversible inhibitor. As we showed that its activity is dependent on
cysteines, this suggests that ebselen could be a reversible covalent inhibitor of IDE. Recently,
IDE was identified (among 461 other proteins) as a putative binding protein of ebselen in

Hela cells, using a biotinylated probe [45].

2.4.3. Binding mode of ebselen.

12
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Attempts to dock ebselen within hIDE did not allow to find relevant pockets
containing cysteines to rationalize previous results. Thus, we characterized the interaction of
IDE with ebselen experimentally. Human IDE has 10-20 nM affinity to each other to form a
dimer [1]. We used the size exclusion chromatography (SEC), Superdex 200 10/300 GL to
examine if ebselen affected IDE dimerization. As expected, 110 kDa IDE migrates mostly as
dimer (Fig. 8). The addition of ebselen shifted IDE from mostly a dimer into a mixture of
dimer and monomer (Fig. 8). The monomeric IDE is shown to be less active than the dimeric
IDE [2, 3]. This suggests that a part of inhibitory effect by ebselen could be mediated by

disrupting IDE dimerization.

kDa
130 —- N -
100 =3 s e W
70—
55—
130 —p= g R — - P
100 —= p— ' -n" - +Ebselen
0> .
= .
M .7 8 9 10 11 12 13 14 15 16,
\ B

-
-

kDa 670 15844 17 14

'
500+ s{\x
§ Uy /j\\ —— IDE
E 300 \ —=— |DE+Ebselen
8 200 \
o 10, / \
J N

5 10 15 20 25
Elution Volume (ml)

Figure 8 The effect of ebselen on the profile of IDE on size exclusion column. The top insert
is the Coomassie stained 9% SDS-PAGE of peak fractions. M=marker.

Hydrogen/deuterium exchange mass spectrometry (HDX-MS) has been shown to
effectively map the binding regions of two potent IDE inhibitors as well as depict the
substrate-induced conformational changes of IDE [4]. We thus performed HDX-MS to probe

the effect of ebselen on IDE (Fig. 9, Supporting information Fig. S3 and S4). While overall
13
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differences of HD exchange of IDE were subtle when ebselen is present, such change
provides insights into the action of ebselen. IDE dimer structure in conjunction with
biochemical studies have shown that the C-terminal region of IDE plays a key role in IDE
dimerization [2, 3, 5]. Consistent with this, we found that the C- terminal residues of IDE,
981-994 have enhanced HD exchange in the presence of ebselen. This corroborates with our
gel-filtration data that ebselen promotes the dissociation of IDE dimer. The effect of ebselen
to disrupt IDE dimerization could explain our failure to co-crystallize IDE with ebselen
because all current hIDE crystallization conditions are for IDE dimer.

HDX-MS also provides additional information how ebselen affects IDE activity. We
observed that residues 824-830 had significant enhanced HD exchange in the presence with
ebselen. This region is part of the substrate binding cleft of IDE and the binding of substrates,
e.g., insulin and amyloid [4]. Interestingly, two potent inhibitors of IDE, 6bK and
BDM44768 significantly reduced the HD exchange of this region [4]. We also found that
ebselen slightly reduced the HD exchange in residues 181-198, the region for the zinc binding
catalytic cleft; such reduction was also observed when 6bk and BDM44768 were present [4].
Interestingly, close to both these regions stand cysteine residues (C178, C812 and C819).
Together, the finding confirms that ebselen disrupts IDE dimerization and shows that it
induces the disorder of the IDE catalytic cleft, which significantly differs from the previously

reported IDE inhibitors, BDM44768 and 6bK.

14
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Figure 9 Changes in H/D exchange of IDE induced by ebselen.

2.4.4. Target engagement in cells.

IDE is an enzyme that is both secreted and cytosolic [46]. We thus evaluated the
ability of ebselen to bind IDE in insulin sensitive cells (HepG2) using the cellular thermal-
shift assay (CETSA) technique [47] (Table 4). A quantification of the compounds in CETSA

samples allowed to measure the cell/medium ratio of the compounds. These results show that

Dimer Interface

P

O__ ]

10°
Time (sec)

ebselen and BDM44768 do penetrate cells to the same extend of 10%. Ebselen and
BDM44768 bind IDE in cells as shown by the shifts in the aggregation temperature in the
presence of the compound. However the lower value for ebselen could reflect the titration of
this compound by thiols within cells.
Table 4: Aggregation temperatures of hIDE in the presence of inhibitors and permeation.
Compound T Agg (°C)  Delta Agg (°C)  Cell/medium ratio
BDM44768 54.4+0.5 6.4+£0.5 0.11 £0.02
ebselen 49.2+£0.2 1.3+0.3 0.10+0.01

15
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Figure 10 Cell target engagement of hIDE by compounds.

Aggregation temperature shifts of hIDE in the presence of inhibitors BDM44768 and ebselen 5 normalized to
DMSO.

3. Conclusion.

We have successfully identified, though a drug-repurposing high-throughput screen, 3
potent inhibitors of insulin-degrading enzyme with drug-like properties: ebselen (ICso = 14
nM), cefmetazole (ICso = 7 uM) and rabeprazole (ICso = 11 uM). All three compounds are
reversible inhibitors of IDE. Docking of cefmetazole and rabeprazole in AIDE allowed to
rationalize screening results for other compounds in their respective pharmacological class.

Proton-pump inhibitors, have a beneficial impact on the glycemic control of patients with
type 2 diabetes, via the possible indirect production of gastrin [48]. Also, this
pharmacological class inhibits organic-cation transporters, for which metformin is a substrate,
thus impacting metformin pharmacokinetics. Interestingly, though rabeprazole has the same
impact on pharmacokinetics of metformin than pantoprazole, it induced a slightly larger
decrease in glycemia at 20 mg [49]. Differences of IDE inhibition between rabeprazole and
pantoprazole could explain these observations.

Ebselen is the most potent IDE pan-inhibitor described yet (ICso = 14 nM). Unlike
rabeprazole and cefmetazole, inhibition of IDE by ebselen is thiol-dependent. HDX-MS and

SEC showed that ebselen could impact the dimerization of IDE and that it induces the
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disorder of the IDE catalytic cleft significantly differently from BDM44768 and 6bK.
CETSA on Hep-G2 cells showed IDE-engagement by ebselen in lived cells, illustrating the
validation of IDE as a target for this compound. Previously described activities of ebselen in
the metabolic field show that ebselen has an insulin-mimetic action. For example, it reduces
hyperglycemia induced by diazinon in vivo and enhances glucose uptake by peripheral tissues
in vitro [50]. As well, it restores glucose-stimulated insulin secretion in B-pancreatic cells
[51]. Ebselen also controls post-stroke hyperglycemia by improving hepatic insulin signaling
and restoring glucose tolerance, in ischemic gerbils [52]. The strong inhibition of IDE by
ebselen could participate in these observations. Outside the field of metabolism, a recent
clinical trial shows that ebselen is active on the prevention of hearing loss [53]. Ebselen is
thought to act by the mimicry and induction of glutathione peroxidase in that context.
Interestingly though, one of the substrates of AIDE is Insulin-growth factor-I (IGF-I) that is
considered as a novel and potent treatment for hear-loss based on various in vivo and in vitro
experiments and clinical trials [54]. As a consequence, ebselen activity in hear-loss could then
also be partially mediated by its inhibition of IDE that could increase IGF-I levels.

Altogether, as the inhibitory activity of ebselen towards IDE is the highest listed activity
on a human target, we suggest to revisit some of the cellular and in vivo effects of ebselen in

the light of these results.

4. Experimental section

4.1.1. Invitro IDE activity assays

Wild type human IDE was expressed in E. coli BL21 (DE3) cells (at 25 °C and 20 h, 0.5mM
IPTG induction using T7 medium) and recombinant IDE were purified by Ni-NTA, source-Q,
and three runs of Superdex 200 columns as previously described [10]. Ac-Cys-Lys-Leu-Val-

Phe-Phe-Ala-Glu-Asp-Trp-NH> was synthesized by NeoMPS. In vitro IDE activity was
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measured with either a quenched substrate ATTO 655- Cys-Lys-Leu-Val-Phe-Phe-Ala-Glu-
Asp-Trp (substratel) or insulin (Actrapid) from Novo Nordisk. The quantity of insulin was
determined using a commercial kit from Perkin Elmer: Human Insulin Kit (catalog#AL204C).

4.1.1.1.  Screening assay

Human IDE (1.87 ng/uL) was incubated 10 min at 37 °C with compound in Hepes 50

mM, NaCl 100 mM, pH 7.4 and the enzymatic reaction is started by adding the substratel
(final concentration 5 puM). After 30 min, samples (1% DMSO final) are excited at 635 nm
and fluorescence emission at 750 nm is measured on a Victor3 V1420 Perkin Elmer
spectrophotometer. EDTA was used as a reference inhibitor (100% inhibition at 2 mM). The
Z and Z’ factors were calculated according to J.-H. Zhang, T.D.Y. Chung, K.R. Oldenburg, A
Simple Statistical Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays, J. Biomol. Screen., 4 (1999) 67-73. Data analysis was performed using
XIfit® v 5.0.

4.1.1.2.  Dose-Response Curves
Percentages of inhibition at different concentrations were obtained as for screening. All
measurements were carried out as 8-point dose response curves and reported as the average of
at least three independent measurements. EDTA was used as a reference inhibitor (100%
inhibition at 2 mM). Data analysis was performed using XIfit® v 5.0 and GraphPad Prism® v
4.0. Nonlinear curve fitting and statistical analysis was done using built-in functions.

4.1.1.3.  Dose-Response Curves Insulin assay
400nL of test compounds were added in 96 well microtiter plates (dark, non-binding surface)
by acoustic dispensing with Echo (Labcyte), diluted with 9.6 pL of buffer (Hepes at 50 mM
with 100 mM NaCl, pH 7.4) and pre-incubated 10 minutes at ambient temperature with 10uL
of hIDE wt at 1ug/mL. The enzymatic reaction was started with the addition of 20 pL of

insulin at 40 nM for 15 minutes at ambient temperature and stopped with 40 pL of EDTA at
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200 mM. Samples were diluted with immunoassay buffer and the content of Insulin was
determined by alphalLISA™ according to the manufacturer recommendations. AlphalLISA™
signal is detected with a Mithras (Berthold) using a excitation at 680nm and a emission at
620nm (bandwidth 10nm).
4.1.1.4.  Reversibility.

Compounds were pre-incubated 30 minutes at room temperature with hIDE before adding
substrate (SuM), at final concentrations C and 0.01C respectively as controls. C and 0.01C
should surround ICso. C = 1.25 uM for BDM44768 and ebselen, 50 uM for rabeprazole and
cefmetazole and 1 mM for N-ethylmaleimide. Pre-incubate at C was diluted 100-fold before

adding the substrate. Percents of inhibition are mean of 4 experiments.

4.1.1.5.  Analytic size exclusion chromatography
IDE (0.2 mM) in the presence or absence of ebselen (4 mM) were incubated on ice for 1 hr
prior to the injection to Superdex S200 column. The molecular weight is estimated based on
molecular standard.
4.1.2. Library.

APTEEUS-Université de Lille Library: 1120 compounds including drugs with at least
one marketed authorization and active compounds with published record of utilization in
humans.

4.1.3. Docking.

Modeling and simulations were performed using 2018.0101 (Chemical Computing
Group, Inc.) using non-aged X-ray crystal structure of AIDE PDB code 4NXO with
BDM44768 ligand. A monomer including solvent was selected and compounds were docked.
Before analysis, ligands, solvents and proteins were protonated at 300 °K, pH 7.0 with a salt

concentration equal to 0.1 mol/L for the generalized Born / Volume integral (GB/VI) with a
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cutoff value of 15. The dielectric constants of solute and solvent are set to 1 and 80,
respectively. The method 800R3 was applied to simulate the repulsive part from the van der
Waals energy. Then for each compound the industry standard molecular mechanics
forcefields MMFF94(s) was used in association with a MOPAC quantum code. The structures
were rendered in PyMOL (Delano, W. L. The PyMOL Molecular Graphics System. DelLano
Scientific LLC: San Carlos, CA, 2002).

4.1.4. Hydrogen-Deuterium Exchange Mass Spectrometry.

HDXMS of IDE in the presence and absence of ebselen was performed similar to the previous
reported procedure. Briefly, 14 uM IDE in 8.3 mM Tris-HCI, 50m NaCl, 1.4% DMSO, pH7.2
H>O buffer was mixed with 140 pM ebselen and incubated at room temperature for 30 min,
then kept on ice for 15 min. Functional hydrogen-deuterium exchange reactions were
initiated by dilution of 3 pl of stock solution into 9 pl of D2O buffer (8.3 mM Tris, 50 mM
NaCl, pDREAD 7.2) and incubation at 0 °C. The exchange reactions were quenched after
various exchange time points (10, 100, 1000, 10000, 100000 sec at 0 °C, and 100000 sec at
RT) by adding 18 pl of ice-cold quench buffer containing 0.8% formic acid, 1.6M GuHCI,
16.6% glycerol for a final pH of 2.5. Quenched samples were digested on an immobilized
pepsin column (16 pl bed volume). Proteolytic products were collected on a C18 trap column
(Michrom Magic C18 AQ 0.2x1 mm) for 1 min desalting and separated using a reverse phase
analytical column (Michrom Magic C18 AQ 0.2 x 50 mm, 3 uM) with an acetonitrile linear
gradient (6.4%-38.4% over 30min). MS analysis was performed on an OrbiTrap Elite Mass
Spectrometer (ThermoFisher Scientific, San Jose, CA). The data was acquired in both data-
dependent MS/MS mode and MSI1 profile mode and Proteome Discoverer software
(ThermoFisher) was used to identify proteolytic peptides. The deuterium content of the
peptides for each time point was calculated by DXMS Explorer (Sierra Analytics Inc,

Modesto, CA), with corrections for back-exchange [6]. H/D exchange experiments performed
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using our automated system typically produce deuteron incorporation measurements with a

standard deviation of less than 2% of the mean of triplicate determinations [7-9].

4.1.5. Target engagement by CETSA.
4.1.5.1.  Cell culture and drug treatments
HepG2 cells provided by Dr. Nathalie Hennuyer (Pasteur Institute of Lille, France) were
cultured in gelatin (Sigma-Aldrich, G-1890, 1 mg/mL) pre coated T75 flasks in MEM Alpha
Medium (1X) + GlutaMaxTM (Gibco, 32561-029) containing 10% heat-inactivated fetal calf
serum (Life Technologies, 10270-106) and Spg/mL penicillin/streptomycin  (Life
Technologies, 15070-063), in 37°C humidified incubator with 5% CO2 atmosphere. Drug
treatment was initiated after the cells had grown to confluence with compounds at a final
concentration of 30 uM or DMSO for two hours (final vehicle content 0.3%).
4.1.5.2.  Whole cell CETSA

Suspension of HepG2 cells were washed in PBS and detached using trypsin/EDTA solution
(Life Technologies, 25300054). Cells were transferred in medium in 15 mL Falcon and
centrifuged at 300 g during 4 min. Then, the supernatant was discarded and cells were washed
in phosphate buffer saline (Gibco, DPBS (1X), 14190-094), counted and centrifuged at 300 g
during 4 min. After removing PBS, cells are suspended in Tris Buffered Saline 1X (TBS 10X,
Euromedex, ET220-B) at the concentration of 10 million per mL and aliquoted in 10 PCR 0.2
ml microtubes (Thermo Scientific, AB-0622) for each condition with 50 uL. These tubes were
then transiently heated to a range of temperature from 40 °C to 67 °C for 3 minutes using a
SureCycler 8800 Thermal Cycler (Agilent Technologies), cooled at room temperature for 3
minutes and followed by three freeze/thaw cycles in liquid nitrogen. Insoluble proteins were

separated by centrifugation (20000 g, 20 min, 4 °C) and 35 pl of supernatant corresponding to
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soluble proteins were kept for Western blot. Three independent experiments were performed

for each compound effect characterization.

4.1.5.3. SDS PAGE Electrophoresis with CETSA samples
10 uL of each total protein sample was prepared and heated at 70 °C for 10 min with 1,5 pL
of NuPAGE™ Sample Reducing Agent (10X) (Thermoficher Scientific, NP0O004) and
NuPAGE™ LDS Sample Buffer (4X) (Thermoficher Scientific, NPO007), loaded in NuPage

3-8% Polyacrylamide gel for migration (150V, 1 hour) and then transfer on nitrocellulose

membrane (Amersham Protran® supported 0.2 um NC, 10600080) with iBlot™ 2 Gel

Transfer Device (Thermoficher Scientific, IB21001).

4.1.5.4.  Immunobloting for Western Blot
Blots and printed membranes were blocked in dry milk (5%) diluted in Phosphate Buffer
Saline (PBS) for 1 hour at RT and washed 3 times of 10 min in PBS 0,1% Tween 20. Mouse
monoclonal anti-IDE antibody (Santa Cruz Biotechnology, clone F-9, sc-393887) were used
as primary antibody diluted at 1:1000 in 2% BSA PBS 0,1% Tween20 solution and incubated
1h30 at RT. After 3 washes in 0,1% PBS Tween 20, Anti-Mouse IRDye 800 CW (Licor
IRDye® 800CW Goat anti-Mouse 1gG, P/N 925-32210) was used as secondary antibody in
2% BSA PBS 0,1% Tween 20 solution at 1:15000 for 1h30 at RT and blots were washed 3
times of 10 min in PBS Tween 0,1% before fluorescence intensities detection by Odyssey®
CLx Imaging System.

4.1.5.5.  Data analysis and aggregation curve
Signal intensities (corresponding to Fluorescence minus Background) of each protein band or
spot on the Western blots were quantified using Image Studio™ Lite Analysis Software

(Licor). For each condition of treatment, fold-changes were calculated in percentage of the
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lowest temperature. These relative signals were plotted against temperature using Graphpad™
(Prism) and a variable slope sigmoidal curve was fitted using the chemical denaturation
theory equation.

1 - plateau

T) =
£@) oy

+ plateau

Initial values for top and bottom plateau were set at 100% and 0% respectively for curve
fitting. Aggregation curves were expressed as means of multiple experiments (n = 3) +/- SEM.
Thermal shifts were calculated using ATag50, which is the difference in temperatures
between the control and treatment, at which 50% signal intensity (protein denaturation) was
observed.
4.1.5.6. LC-MS/MS analysis of CETSA samples

To determine the incorporated fraction of compounds in cells for BDM_44768 and ebselen,
CETSA samples (10 million cells per ml in TBS) and culture medium containing drugs at 30
uM or vehicle were prepared in a 1 to 20 ratio in an acetonitrile/methanol solution (5:5, v/v).
Then, the samples were vigorously mixed with a vortex and centrifuged at 10,000 rpm at 4°C
for 10 min, and the supernatants were transferred into tubes for liquid chromatography-mass
spectrometry (LC-MS/MS) analysis. Chromatography of 1 ul of the sample was performed on
an Acquity BEH C18 column (50*2,1mm 1,7um, Waters®) by elution with a gradient from
Ammonium acetate 10 mM (spontaneous pH) (A) to acetonitrile 0,1 % formic acid (B). The
gradient was controlled as follows: 0-0.2 min, 2% B, 0.2-2 min, 2 to 98% B, 2-2.5 min, 98%
B, 5.5-2.6 min, 98 to 2% B, 2.6-4 min, 2%B. Flow rate was 0.6 mL/min. Column oven and
autosampler temperatures were maintained at 40°C and 10°C respectively. The column outlet
of the LC was either connected to Xevo TQD triple Quadrupole Mass Spectrometry (Waters)
for MS/MS detection in positive electrospray ionization (ESI) mode. The source temperature

was 150 °C, desolvation temperature 600 °C, cone gas flow 50 L/h and desolvation gas flow
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1200 L/h. The analytes were monitored in multireaction monitoring mode (MRM). Analyses
were processed using MassLynx software (Waters®). The ratio between cellular and medium

fraction peak areas permitted to compare the membrane permeability capacities of drugs.
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