N

N

Inhibition of cathepsin B by ferrocenyl indenes
highlights a new pharmacological facet of ferrocifens
Juan Sanz Garcia, Marie Gaschard, Isabelle Navizet, Mehdi Sahihi, Siden Top,

Yong Wang, Pascal Pigeon, Anne Vessieres, Michele Salmain, Gerard Jaouen

» To cite this version:

Juan Sanz Garcia, Marie Gaschard, Isabelle Navizet, Mehdi Sahihi, Siden Top, et al.. Inhibition of
cathepsin B by ferrocenyl indenes highlights a new pharmacological facet of ferrocifens. European Jour-
nal of Inorganic Chemistry, 2022, 2022 (9), pp.e202101075. 10.1002/€jic.202101075 . hal-03527077

HAL Id: hal-03527077
https://hal.science/hal-03527077

Submitted on 19 Jan 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03527077
https://hal.archives-ouvertes.fr

Inhibition of cathepsin B by ferrocenyl indenes highlights a new

pharmacological facet of ferrocifens

Juan Sanz Garcia,! Marie Gaschard,? Isabelle Navizet,! Mehdi Sahihi,! Siden Top,? Yong

Wang,23 Pascal Pigeon,23 Anne Vessieres,? Michele Salmain,?* and Gérard Jaouen?3"*

1 Univ Gustave Eiffel, CNRS, Univ Paris-Est Créteil, MSME, F-77454 Marne-la-Vallée Cedex 2,
France

Z Sorbonne Université, CNRS, Institut Parisien de Chimie Moléculaire, 4 place Jussieu 75005
Paris, France

3 PSL Research University, Chimie ParisTech, 11 rue Pierre et Marie Curie, 75005 Paris, France

Abstract

The family of ferrocifens initially built up from the anti-oestrogen tamoxifen shows a broad
antitumor activity both in vitro and in vivo. Their mechanism of action relies on the presence
of the redox motif [ferrocene-ene-phenol] that, under oxidative conditions, generates reactive
oxygen species (ROS) and affords electrophilic quinone methides (QMs) having the ability to
alkylate biological nucleophiles and in turn elicit a strong antiproliferative activity. In this
context, the cysteine protease cathepsin B was initially presumed to be a target for ferrocenyl
QMs. In vitro enzymatic assays ruled out this hypothesis but unexpectedly revealed that other
ferrocifen metabolites, i.e. ferrocenyl indenes, acted as moderate inhibitors of cathepsin B.
These experimental results were nicely confirmed by molecular docking calculations, that
showed that the monophenol ferrocenyl indene and to a lower extent the diphenol interacted

with the active site of cathepsin B, making it an unanticipated target of ferrocifens.
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Introduction



The potential use of metallocenes in oncology was first introduced by Kopf-Maier!!!
with simple complexes of Til2l and Fel34l. Unfortunately, the titanocenes proved to be too
unstable to provide a biologically useful formulation. In the ferrocene series, only the
ferriceniums possess some cytotoxicity but they show low biological activity and, in any case
are not stable in aqueous media. A novel strategy based on multifunctional hybrids of
ferrocene was then considered. This approach has recently been the subject of a large number
of reviews®® and the results have proved to be, to say the least, mixed. Nonetheless the
redox motif [ferrocenyl-ene-phenol] remains the most biologically promising candidate to
date, since compounds presenting this motif show remarkable antitumor properties both in
vitro and in vivo.['7] For example, complexes P5, P15, P85 and P722 (Scheme 1) exhibit ICso
values in the range 0.035 - 1.5 pM on the triple negative breast cancer cell line MDA-MB-
231.071
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Scheme 1. Sequence of reactions leading to ferrocenyl indenes

Under mild oxidative conditions, this motif evolves to ferrocenyl quinone methide (QM,
Scheme 1) via transient oxidation of the ferrocene. These QMs are remarkably electrophilic,
allowing the reaction of biologically relevant nucleophiles such as thiolates to take place
mainly by 1,8-Michael addition.['8] Quinone methide products generated by chemical or
enzymatic oxidation of P15, P5 and P85 proved to be responsible for inhibition of
thioredoxin reductase (TrxR) in vitro, one of the enzymes involved in the cellular redox
homeostasis. Further investigation showed that inhibition was irreversible and took place by
alkylation of the thiol / selenol group in the enzyme’s active site.[1920] Conversely, only P15-
QM and its precursor P15 itself were able to inhibit TrxR in cellulo while neither P85 nor its
QM did.[*1 This discrepancy was explained by the instability of P85-QM that readily converts
into a cyclic product (indene) in protic medium (Scheme 1) that is devoid of reactivity for
thiols. P85-ind was indeed shown to be the main metabolite resulting from oxidation of P85

by liver microsomes.[21]



Cathepsin B (cat.B) is an ubiquitous proteolytic enzyme belonging to the CA clan of
cysteine proteases. This enzyme is mostly localized in the lysosomes and is involved in
proteins turnover at the cellular level. Interestingly, this enzyme has also been proved to
participate in tumor progression by degrading extracellular matrix proteins and is therefore
considered as a relevant target for cancer treatment.”>-*! Cat.B shares a common feature with
TrxR, that is the presence of a highly nucleophilic thiol in its active site.[25] Unsurprisingly,
most of the known organic inhibitors of cat.B are irreversible, acting as alkylating agents.[25]
Various metallodrugs are also known to target cysteine proteases[2¢! including cat.B[27l. For
example inorganic gold(I)[2829 and organometallic gold(IIl)[30] complexes are good to
excellent cat.B inhibitors owing to the aurophilicity of sulfur. Inhibition by the gold(I)
complexes is considered as reversible because addition of excess cysteine allows recovery of
cat.B activity. Some half-sandwich organometallic complexes of Ru(II)[31'35] and some Pd
complexes3637] also act as reversible inhibitors of cat.B and two of the ruthenium complexes

were effective in impairing tumor invasion as a consequence of cat.B inhibition.

Due to the well-established reactivity of ferrocenyl quinone methides with thiols and
their ability to readily convert to indenes,[1°1 we thought relevant to investigate the possible
interaction of these compounds with cat.B in the aim of finding a new target explaining the

anti-proliferative activity of the ferrocifen precursors.

Results
Inhibition of cathepsin B by ferrocifen derivatives

P85-QM (Scheme 1) was first chosen to assay its ability to inhibit cat.B since it is
reasonably stable and easy to manipulate conversely to P5-QM.[17] P85-QM was obtained by
chemical oxidation of P85 according to a previously published protocol.[21] In the classical
assay conditions used for measuring the catalytic activity of cat.B, no inhibition of the enzyme
was induced by P85-QM up to 100 pM.

In the presence of Bronsted or Lewis acids, ferrocenyl quinone methides, specially P85-
QM, are readily converted into indene derivatives.[?1] Therefore, we also investigated the
ability of P85-ind to interfere with the catalytic activity of cat.B. P85-ind was synthesized
from P85-QM by treatment with ZnCl, (Scheme 1). To our surprise, the esterolytic activity of
cat.B on the chromogenic substrate Z-Lys-ONp, measured by monitoring the formation of p-
nitrophenol at 326 nm, was inhibited by P85-ind in a concentration-dependent fashion with

an ICsp of 19 uM (Table 1). Thus, we next investigated whether P5-ind, P15-ind or P722-ind



shared the same property. Only P5-ind was able to inhibit cat.B with an ICso of 38 uM whereas
P15-ind and P722-ind were completely inactive. Let us also notice that P5, P15 or P85 were

also fully inactive with respect to cat.B activity.

Table 1. Cathepsin B inhibition results and docking calculations.

Cso (M)
C d Docking cluster
ompoun substrate = substrate = distribution?
Z-Lys-ONp Z-Arg-Arg-AMC!
(R)-P85-ind +43
P85-ind 19.2+1.36 529+0.3¢
(5)-P85-ind +43
(R)-P5-ind 43
P5-ind 38126 86.1+0.3¢
(5)-P5-ind +3
(R)-P15-ind No inhibition nd> -4
P15-ind d
(5)-P15-ind No inhibition n - 4
(R)-P722-ind No inhibition nd 4
P722-ind
(5)-P722-ind No inhibition nd - 4

Lat pH 5; 2++: well clustered distribution, +: intermediate, -:dispersed; 3 in main binding site
of cat.B; 4 not inside the main binding site; > not determined; ¢ inhibition curves can be found
in the SI (figures S38 and S39)

These experiments were repeated with the more selective fluorogenic substrate Z-Arg-
Arg-AMC classically used for measuring cat.B endoproteolytic activity by monitoring the
formation of 7-amino-4-methylcoumarin by fluorimetry.[38! Using phosphate buffer pH 6 for
the assay, no inhibition was noticed for any of the tested compounds. However, when the pH
was decreased to 5, P85-ind was shown to inhibit cat.B, albeit with a lower efficacy since the
ICs0 equalled 53 pM. In the same experimental conditions, only P5-ind inhibited cat.B with a
modest ICso of 86 pM, whereas P5 and P85 were again inactive up to 100 pM. The unexpected
behaviour of P5-ind and P85-ind towards cat.B prompted us to perform a series of docking

calculations as follows.

Docking calculations
In order to better understand the analysis of the docking results few points need to be
clarified:
1) Docking calculations using a genetic algorithm and random seeds (random starting points)
are heuristic and stochastic calculations meaning that at each independent run we may

obtain different results. Hence, a large number of calculations need to be performed so



that a representative population of docked conformations can be obtained, and thus, a
distribution analysis can be performed.

2) The distribution obtained can be interpreted as a probability of finding a specific
conformation as proposed by the developers of AutoDock.[3]

3) As highlighted in ref.39), tight binding ligands afford well clustered distributions (not
dispersed). On the other hand, ligands affording dispersed distributions can be interpreted
as non specific binding ligands (see Analysis of the Docking Results Section in the
Supporting Information for a detailed description of clustered and dispersed
distributions).

For all these reasons and rather than using the “raw” computed binding energies, we
focused our attention in the quality of the clustered distribution to discuss the docking results.
In order to rationalize how P85-ind acts as an inhibitor and where the active site of cat.B is
located, a series of blind docking experiments were performed, meaning that no a priori
information was used to determine the active site of cat.B, the whole enzyme being
considered for the docking calculations. It is worth noting that the docked conformation of
P85-ind was found close to residues His199 and Cys29 (Figure 1) where the active site of the

enzyme is known to be located.

Figure 1. Docked conformations of (A) (R)-P85-ind and (B) (S)-P85-ind in cat.B (the “non-
polar” hydrogen atoms are not represented). Relevant residues in the binding site are
represented in Licorice while the ligand is represented in CPK.

At this point, it is important to highlight that the inhibition experiments were carried
out with racemic complexes (Figure 2). A priori, we are not able to determine if only one, or
both enantiomers, are responsible for the impairment of the enzymatic activity of cat B. On

the one hand, the docked conformation of (R)-P85-ind exhibits an aromatic interaction



between one of the cyclopentadienyl moieties of the ferrocene and His199 (Figure 1).
Aromatic interactions with His199 have already been identified as key factors in the
inhibition of cat.B by ferrocene-based compounds.[#?! Another important interaction can be
found between the indene moiety and Trp221. (R)-P85-ind also shows hydrophobic
interactions with Trp221, Gln23, Ser25, Cys26, Gly27, Cys29, Cys71, Asn72 and Leu181 (Table
2 and Figure S22).

NH,
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e < O
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L= R =
(R)-P5-ind R; =0H, R, =Me (S)-P5-ind Ry =0H, R, =Me -P35-ind (S)-P35-ind
(R)-P85-ind R;=H,R,= Me (S)-P85-ind R;=H, R, =Me *
(R)-P15-ind R, = (CH2)3 2, Ro = Me (S)-P15-ind Ry = O(CHy)3N(Me),, R, = Me

(R)-P722-ind R, = OH, Rz_\/\b (S)-P722-ind R, =OH, Rz-\/\b

Figure 2. Enantiomers of the different indenes used in this study

It also exhibits one H-bond with Asn222. On the other hand, (§)-P85-ind displays a
lone pair-m (Ip-m) interaction between Gly27 residue and the indene moiety (Figure 1). It also
shows hydrophobic interactions with GIn23, Gly24, Ser25, Gly27, Phe32, Asn72, His199,
Ser220 and Trp221 (Table 2 and Figure S24). (S)-P85-ind also shows two H-bonds with
Cys29 and Gly33.

Table 2. Interactions between active ligands and cathepsin B.

Interactions
Compound Hydrophobic
ydrop . H-Bonds -1t stacking Lp-nt
Interactions
GIn23 Ser25 Cys26 Gly27 i
F -His199
(R)-P85-ind Cys29 Cys71 Asn72 Asn222 errocene-riis

Indene-Trp221
Leu181 Trp221 SRERE R

GIn23 Gly24 Ser25 Gly27
(5)-P85-ind Phe32 Asn72 His199 Cys29 Gly33 - Gly27
Ser220 Trp221

. Gly24 Ser25 Cys108 Asp22 GIn23
R)-P5-ind Indene-Trp221
(R)-P5-in Trp221 Asn222 Leu181 ndene-trp
GIn23 Ser25 Gly27 Phe32 Glv24 Cvs29
(5)-P5-ind | Asn72 His199 Trp221 y oy 33; - Gly27

Ser220




Further docking experiments were performed with the two enantiomers of P5-ind
giving the following results. First, (R)-P5-ind is also docked in the main binding site of cat.B
and exhibits an aromatic interaction between the indene moiety and Trp221 (Figure S15) as
for (R)-P85-ind. In addition, (R)-P5-ind displays three H-bonds with Asp22, GIln23 and
Leu181 which help stabilizing the docked conformation (Table 2). Although the indene and
ferrocene moieties of (R)-P5-ind are “staggered” with respect to the (R)-P85-ind
conformation in the main binding site, both inhibitors have the ferrocene pointing towards
His199 and Cys29 and the indene moiety pointing towards the outer edge of the cavity
(Figure 3). (R)-P5-ind also shows hydrophobic interactions with Gly24, Ser25, Cys108,
Trp221 and Asn222 (Table 2 and Figure S14). Second, the (S)-P5-ind docked conformation
has the ferrocene and indene moieties oriented towards His199 and Cys29 like (5)-P85-ind.
Indeed, both structures are notably similar, showing a common lp-m interaction between the
indene moiety and Gly27 (Figure S17). As for (S$)-P85-ind, (S)-P5-ind shows hydrophobic
interactions with GIn23, Ser25, Gly27, Phe32, Asn72, His199, Ser220 and Trp221 and three H-
bonds with Cys29, Gly24 and Gly33 (Table 2 and Figure S16). However, (§)-P5-ind forms H-
bond with Gly24 via its phenol and whereas (§)-P85-ind has hydrophobic interaction with

this residue.

A
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Figure 3. Docked conformations of (A) (R)-P5-ind (in blue) vs. (R)-P85-ind (in red) and (B)
(S)-P5-ind (in blue) vs. (§)-P85-ind (in red) inside the cathepsin B main binding site (the
“non-polar” hydrogen atoms are not represented). His199, Cys29 and Trp221 are also
depicted.



Third, P722-ind and P15-ind do not reduce the in vitro activity of cat.B (Table 1). This
experimental result can be easily explained taking a closer look into the docking results. The
docked conformation of both (R)-P722-ind and (R)-P15-ind (and their enantiomers) are not
found inside the main binding site (the active site) of cat.B (Table 1, Figures S3-S4 and S7-S8).
In addition, the cluster distribution of both enantiomers is dispersed, so that the ligands do

not display any specific binding conformation.

Discussion

Cathepsin B is recognized to participate in the development of tumours and its level of
activity is high in many types of cancers. As such, it appears as a potentially attractive target
to develop anticancer drugs based on its inhibition. In addition to peptide-based inhibitors
generally carrying an electrophilic warhead for irreversible inhibition, a number of other non
peptidic, reversible inhibitors of cat.B have also been reported.[*1-45] While investigating the
ability of electrophilic ferrocenyl quinone methides to inhibit cat.B, we serendipitously found
out that the indenes derived from P5 (diphenol) and P85 (monophenol) resulting from acid-
catalysed cyclization of the quinone methide showed moderate ICso (in the micromolar range)
as determined by enzymatic assays with two different substrates. In both assay conditions,
the monophenol derivative was more active than the diphenol and the inhibition activity was
highly pH-dependent. Moreover, compounds having bulky substituents on the aryl group at
position 3 or at position 1 of the indene scaffold were inactive. The docking calculations

performed with the four different indenes supported the experimental data.

Docking calculations performed on the two enantiomers of P85-ind and P5-ind
localized the molecules in the active site of cat.B, more precisely at the vicinity of Cys29 and
His199 that are both involved in peptide bond cleavage by a mechanism typical of cysteine
proteases belonging to the papain superfamily (Scheme S1).[461 Such a configuration has
previously been reported for ferrocene-tethered ionic liquids.[*% Following the Schechter and
Berger nomenclature, the binding site of cat.B contains six subsites (S1 to S3 and S1’ to S3’). In
contrast to other cysteine proteinases, cat.B displays an unusual peptide segment (Ile105 -
Thr 125) called the occluding loop that is flexible and governs the exoproteolytic (peptidyl
dipeptidase) and endoproteolytic activities depending on its conformation. In the closed
conformation (maintained by salt bridges between Asp22 and His110 and Argll6 and
Asp224), the S2’ subsite is partially obscured, preventing large substrates to bind and the

enzyme to exert its endoproteolytic activity.[47] X-ray structures of bovine cat.B with different



epoxide inhibitors provides a good picture of the active site in the closed form and the
individual subsites.[*81 The S1’ subsite consists of a hydrophobic pocket formed by Val176,
Leul81, Met196, His199 and Trp221 while the S1 subsite comprises GIn23, Gly27, Cys29,
Gly74 and Gly198. According to these data and the docking calculations, (R)-P85-ind
occupies a space formed by the upper parts of S1" and S1 subsites. (§)-P85-ind and (S)-P5-
ind occupy the same space with a different relative orientation in the binding pocket, the OH
substituent carried by the indene pointing toward the core of the protein. These common
orientations may play an important role in the inhibition of cat.B. Interestingly, the two pairs
of enantiomers also roughly occupy the same position as nitroxoline in the active site of
cat.B.*91 ICsps in the micromolar range are consistent with the occupancy of a single subsite by
the inhibitors as pointed out by Wanatabe et al. [48]. The relatively larger ICsos measured with
substrate Z-Arg-Arg-AMC (covering the S3 to S1’ subsites) might be due to a higher relative
affinity of this substrate for cat.B with respect to Z-Lys-ONp.

Docking results also highlight why experimentally, neither P722-ind nor P15-ind
inhibit the enzyme. Apparently, bulky substituents on the indene motif are not suitable for a
favourable inhibition of cat.B. Since P722 exhibits a remarkable anticancer activity with an
ICso of 0.035 + 0.005 uM on triple negative breast cancer cell line MDA-MB231,[5% this work

clearly demonstrates that its antiproliferative activity does not originate from cat.B inhibition.

In view of all these results, the indene motif seems to be the key factor conferring the
ability to inhibit cat.B but it does not seem to be the only requirement since ferrocenyl
indenes with bulky substituents do not. In order to confirm this hypothesis, another docking
experiment has been conducted with (R)-P35-ind, i.e. an indene similar to (R)-P85-ind
where the hydroxyl group was replaced by a primary amino group (Figure 1). Under mildly
basic conditions, electrochemical oxidation of P35, the potential precursor of P35-ind, was
assumed to result in the formation of an imino methide via a two-electron, two-proton
process analogous to the oxidation of P85.[511 Interestingly, P35 has a lower ICso value (0.8
uM) than P85 (1.13 uM) on MDA-MB231. This difference extends to other ferrociphenols and
even to ferrocenophanes, for which the amino compounds are systematically slightly more
cytotoxic than their phenolic equivalents.[52] One could hypothesize that the oxidation product
of P35 also evolves to P35-ind and contribute to its biological activity a little more than P85-
ind contributes to the activity of P85. Thus, even though P35-ind was not synthesized, it
seemed relevant to include it in the docking studies. Once again, we find the (R)-P35-ind

ligand docked inside the main binding site of cat.B. Both docked structures for (R)-P85-ind
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and (R)-P35-ind are remarkably similar (Figure S37). (R)-P35-ind, like (R)-P85-ind, shows
two m-m interactions with His199 and Trp221 (Figure S34). (R)-P35-ind also shows
hydrophobic interactions with Gln23, Ser25, Cys26, Gly27, Cys29, Cys71, Asn72, Leul81 and
Trp221, and one H-bond with Asn222 (Figure S33). In turn, (§)-P35-ind shows a similar Ip-nt
interaction with Gly27 (Figure S36) as the one observed for (§)-P85-ind. Once more, (§)-P35-
ind and (S)-P85-ind docked conformations are virtually the same (Figure S37). (§)-P35-ind
also shows hydrophobic interactions with GIn23, Gly24, Ser25, Gly27, Phe32, Asn72, His199,
Ser220 and Trp221 (Figure S35). (S$)-P35-ind shows two H-bonds with Cys29 and Gly33
residues like ($)-P85-ind. We anticipate that P35-ind should exhibit good cat.B inhibition
properties like P85-ind.

Conclusion

In summary, we have successfully identified a first biological target for the main indene
metabolite of the monophenol and diphenol ferrocifens P85 and P5 that may at least partially
account for the anticancer activity of these compounds. We have also demonstrated that
cathepsin B is not a target of the highly antiproliferative compounds P15 and P722. Further
work is now needed to assess the ability of the indene metabolites to prevent extracellular

matrix degradation and tumour invasion using for instance wound healing assays.
Experimental section

Materials

All reagents and solvents were obtained from Sigma-Aldrich. Acetone was dried over 4 A
molecular sieves. Thin-layer chromatography (TLC) was performed on silica gel 60 GF254.
Column chromatography was performed on Merck silica gel 60 (40-63 pm). All NMR
experiments (1H, 13C and COSY) were carried out at room temperature on 400 MHz NMR
spectrometer (Bruker), and chemical shifts (6) are reported in ppm relative to solvent
residual peak; s, d, t and q are used to denote singlet, doublet, triplet, and quartet,
respectively. UV-visible spectra were recorded on a Cary 50 spectrometer (Varian). HRMS
measurements were performed on a Thermo Fischer LTQ-Orbitrap XL apparatus equipped
with an electrospray source. Ag,0 was freshly prepared in our laboratory before use. P5, P85,
P15, P722, P85-QM, P5-ind, P15-ind and P85-ind were synthesized according to literature
methods.[215354] Bovine spleen cathepsin B was purchased from Sigma-Aldrich (C6286). A

stock solution in water was prepared and assayed at 280 nm taking OD2gonm = 2.18 for [cat.B]
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= 1 mg/mL. Aliquots were stored at -20°C until use. Z-Lys-ONp and Z-Arg-Arg-AMC were

purchased from Bachem.
Methods

Synthesis of the indene derivative of P722 (P722-ind)

P722 (0.06 g, 0.11 mmol) was dissolved in acetone (3 mL). Ag20 (0.1 g, 0.43 mmol) was
added in one portion as a solid. The mixture was stirred for 10 min at room temperature. The
black solid was eliminated by filtration. ZnCl, (0.06 g, 0.4 mmol) was then added in one
portion as a solid. The reaction was complete after 10 min of stirring. The mixture was then
filtered over a 1-cm thick pad of silica gel. After solvent evaporation, the crude product was
purified by silica gel column chromatography, using petroleum ether/ ethyl acetate (6:1) as
eluent. P722-ind was isolated as an orange solid (30 mg, 50% yield). 'TH NMR (400 MHz;
acetone-ds): 6 = 2.10 (m, 1H, CH2), 2.50 (s, 4H, 2xCHz; succinimide), 2.74 (m,1H, CHz), 3.47 (m,
2H, CH2; CH2N), 3.82 (m, 1H, CH), 4.03 (s, 5H, CsHs), 4.06 (bs, 1H, CsHa4), 4.15 (bs, 1H, CsHa),
4.23 (bs, 1H, CsHa), 4.46 (bs, 1H, CsHa), 6.72 (m, 2H, 2xCH; CeH3), 7.04 (d, / = 8.1 Hz, 2H, 2xCH;
CeH4), 7.11 (s, 1H, CH; CeH3), 7.29 (d, J = 8.1 Hz, 2H, 2xCH; C¢H4), 8.20 (bs, 1H; OH), 8.46 (bs,
1H; OH) ppm. 13C NMR (100 MHz; acetone-de¢): & = 27.8 (CHz), 29.2 (CH2), 38.2 (2xCHz;
succinimide), 49.8 (CH), 66.6 (CH; CsHa4), 67.8 (CH; CsH4), 68.3 (CH; CsHa4), 68.4 (CH; CsHa),
69.2 (5xCH; Cp), 81.0 (Cq; CsH4), 110.6 (CH; CeH3), 113.3 (CH; CsH3), 115.4 (2xCH; CeH4), 119.6
(CH; CeH3), 128.1 (C), 130.6 (2xCH; CsH4), 138.4 (C), 139.6 (C), 139.7 (C), 148.3 (C), 155.4 (C),
156.8 (C), 177.2 (2xC; CO-N-CO) ppm. MS (EI) m/z: 533 [M]*. HRMS calcd for C31H27FeNO4:
533.1290, found: 533.1287.

Cathepsin B spectrophotometric inhibition assay

The assay was performed in 20 mM acetate, 1 mM EDTA, 5 mM cysteine pH 5.0 at 20°C. Prior
to the assay, cat.B (10 pL of 20 pM solution) was activated for 3 min by addition of assay
buffer (0.5 mL). Enzymatic assays were performed with a fixed concentration of cat.B (67 nM)
and a fixed concentration of Z-Lys-ONp (87 uM) in the presence of a variable concentration of
test compound (3 - 66 uM) in a total volume of 3 mL containing 5% DMSO0.[551 Activity was
measured by recording OD3z6nm for 3 min. ICso were determined by applying a 4-parameter

logistic equation.
Cathepsin B fluorimetric inhibition assay

Prior to the assay, solutions of P5, P85, P5-ind and P85-ind were prepared in DMSO at

different concentrations (with a factor 20 compared to the final concentrations). The assay
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was performed at pH 5 or 6, using respectively an acetate or a phosphate buffer (37°C) and
the solutions should be freshly prepared. The assay consisted in mixing L-cysteine (8 mM, in
buffer, 60 pL), Triton X-100 (0.1% v/v, in water, up to 200 pL), cat.B (0.75 pM, in Triton X-100
0.1% v/v, 8 pL) and the tested compound (variable concentrations in DMSO, 10 pL) in a 96-
well black plate. They were incubated 10 min at 37°C.[5¢] Then, the substrate Z-Arg-Arg-AMC
(20 pM, in Triton-100 -initially diluted in a minimal volume of DMSO, 60 pL) was added to the
mixture and the plate was directly read with a microplate reader (Fluostar optima, BMG
Labtech; ex: 380 nm, em: 470 nm) during 15 min. Negative and positive controls (with or
without the specific inhibitor E-64) and the influence of the percentage of DMSO were also
tested. The initial rates were determined and the ICso were calculated using Prism 8.01 for

windows (GraphPad software).

Computational methods

Before performing the docking calculations, models of all the ligands (optimized structures
can be found in the Supporting Information (Tables S1-S13) and the target (cat.B) were built
(see Supporting Information for further details). All docking calculations were carried out
with a locally modified version (the only parameter that has been changed in the source code
of AutoDock 4.2.6 is the MAX_RUNS variable) of AutoDock 4.2.6 software.[>7! All the optimized
ligands were docked to the prepared cathepsin B model. For both, ligand and protein,
Gasteiger[>8! charges were assigned and non-polar hydrogen atoms were merged using the
AutoDockTools[>71. All the ligands contain an iron atom and atomic charges for metals need to
be carefully assigned by the user. Computing the iron charge in this family of ligands with
several schemes[>9-64] leads to results close to zero. Hence, the charge of the metallic centre
has been set to zero, affording a neutral organometallic compound. Flexible ligand docking
was performed using the Lamarckian Genetic Algorithm!65] as implemented in the original
AutoDock package. The grid used in all the calculations was centred at the protein’s centre of
mass with 160 lattice points in all three space directions with a point spacing of 0.375 A. In
order to have a very large distribution for each docking experiment, 10,000 runs were carried
out for each ligand with 5,000,000 energy evaluations performed for each run. Figures S1 to
S13 (in the Supporting Information) show the cluster distributions obtained after the docking
experiments performed for each ligand. Information on the interactions found between each

ligand and cathepsin B can be found further in this Supporting Information (Figures S14-536).

Acknowledgement

12



The Agence Nationale de la Recherche (NaTeMOc project, grant number ANR-19-CE18-
00022-01) and Feroscan are gratefully acknowledged for financial support. Valentin

Barrandard is acknowledged for his technical assistance.

References
[1] P. Kopf-Maier, H. Kopf, E. W. Neuse, J. Cancer Res. Clin. Oncol. 1984, 108, 336-340.
[2] K. Strohfeldt, M. Tacke, Chem. Soc. Rev. 2008, 37, 1174-1187.

[3] G. Jaouen, S. Top, A. Vessiéres, G. Leclercg, M. J. McGlinchey, Curr. Med. Chem. 2004, 11, 2505-
2517.

[4] D. Osella, M. Ferrali, P. Zanello, F. Laschi, M. Fontani, C. Nervi, G. Cavigiolio, Inorg. Chim. Acta
2000, 306, 42-48.

[5] I. Montes-Gonzalez, A. M. Alsina-Sanchez, J. C. Aponte-Santini, S. M. Delgado-Rivera, G. L.
Duran-Camacho, Pure Appl. Chem. 2019, 91, 653-6609.

[6] M. Zaki, S. Hairat, E. S. Aazam, RSC Adv. 2019, 9, 3239-3278.

[7] K. Kowalski, Coord. Chem. Rev. 2018, 366, 91-108.

[8] S. Peter, B. A. Aderibigbe, Molecules 2019, 24, e3604.

[9] P. Chellan, P. J. Sadler, Chem.-Eur. J. 2020, 26, 8676-8688.

[10]  A.Singh, I. Lumb, V. Mehra, V. Kumar, Dalton Trans. 2019, 48, 2840-2860.

[11] R.Wang, H. Chen, W. Yan, M. Zheng, T. Zhang, Y. Zhang, Eur. J. Med. Chem. 2020, 190, 112109.
[12]  G. Jaouen, A. Vessieres, S. Top, Chem. Soc. Rev. 2015, 44, 8802-8817.

[13] B.Sharma, V. Kumar, J. Med. Chem. 2021, DOI 10.1021/acs.jmedchem.1c00390.

[14] J.-L. H. A. Duprey, J. H. R. Tucker, Chem. Lett. 2014, 43, 157-163.

[15] K. Kowalski, Coord. Chem. Rev. 2021, 432, 213705.

[16] V. Raicevi¢, N. Radulovi¢, M. Saka¢, Eur. J. Inorg. Chem. n.d., DOI 10.1002/ejic.202100951.
[17]  A. Vessiéres, Y. Wang, M. J. McGlinchey, G. Jaouen, Coord. Chem. Rev. 2021, 430, 213658.

[18] Y. Wang, M. A. Richard, S. Top, P. M. Dansette, P. Pigeon, A. Vessieres, D. Mansuy, G. Jaouen,
Angew. Chem. Int. Ed. 2016, 55, 10431-10434.

[19] A Citta, A. Folda, A. Bindoli, P. Pigeon, S. Top, A. Vessieres, M. Salmain, G. Jaouen, M. P.
Rigobello, J. Med. Chem. 2014, 57, 8849-8859.

[20] V. Scalcon, M. Salmain, A. Folda, S. Top, P. Pigeon, H. Z. S. Lee, G. Jaouen, A. Bindoli, A.
Vessieres, M. P. Rigobello, Metallomics 2017, 9, 949-959.

[21] M.-A. Richard, D. Hamels, P. Pigeon, S. Top, P. M. Dansette, H. Z. S. Lee, A. Vessiéres, D.
Mansuy, G. Jaouen, ChemMedChem 2015, 10, 981-990.

13



[22] J.Kos, A. Mitrovi¢, B. Mirkovi¢, Future Med. Chem. 2014, 6, 1355-1371.
[23] C.Jedeszko, B. F. Sloane, Biol. Chem. 2004, 385, 1017-1027.

[24] A. Bergamo, G. Sava, Chem. Soc. Rev. 2015, 44, 8818-8835.

[25] S. Gobec, R. Frlan, Curr. Med. Chem. 2006, 13, 2309-2327.

[26] S. P. Fricker, Metallomics 2010, 2, 366-377.

[27] A.O. Akinyemi, G. B. S. Pereira, F. V. Rocha, MRMC 2021, 21, 1612-1624.
[28] S.S. Gunatilleke, A. M. Barrios, J. Inorg. Biochem. 2008, 102, 555-563.
[29] S.S. Gunatilleke, A. M. Barrios, J. Med. Chem. 2006, 49, 3933-3937.

[30] Y. Zhu, B. R. Cameron, R. Mosi, V. Anastassov, J. Cox, L. Qin, Z. Santucci, M. Metz, R. T. Skerlj,
S. P. Fricker, J. Inorg. Biochem. 2011, 105, 754-762.

[31] A. Casini, C. Gabbiani, F. Sorrentino, M. P. Rigobello, A. Bindoli, T. J. Geldbach, A. Marrone, N.
Re, C. G. Hartinger, P. J. Dyson, L. Messori, J. Med. Chem. 2008, 51, 6773-6781.

[32] A. Casini, F. Edafe, M. Erlandsson, L. Gonsalvi, A. Ciancetta, N. Re, A. lenco, L. Messori, M.
Peruzzini, P. J. Dyson, Dalton Trans. 2010, 39, 5556-5563.

[33] L. Oehninger, M. Stefanopoulou, H. Alborzinia, J. Schur, S. Ludewig, K. Namikawa, A. Mufioz-
Castro, R. W. Koster, K. Bau