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Introduction

As part of the search for new metallodrugs, ferrocene (Fc) derivatives have been widely explored and display contrasting antiproliferative effects while relatively few mechanistic pathways have as yet become clear [1][2][3]. We have ourselves synthesized derivatives of phenols, collectively called ferrocifens bearing an Fc-type redox antenna and an intramolecular electronic connection afforded by an olefin group (Chart S1) [3,4]. In the acyclic series the IC 50 values obtained on cancer cells for ferrocenyl mono, diphenol and tamoxifen like are in the order of 0.5 μM on MDA-MB-231 human breast cancer cells [5,6].

Complementary studies showed that oxidation of the [ferrocene-ene-phenol] motif gives rise to relatively stable yet electrophilic quinone methide (QM) metabolites via a mechanism involving the abstraction of 2 electrons and 2 protons [7][8][9]. These molecules were shown to react with thiols via a 1,8-Michael addition [10,11]. With the aim of enhancing the cytotoxic character of ferrocifens, the ansa-FcdiOH 1 was prepared [12,13] and formulated for in vivo studies [14]. It is three to five times more active than the ferrocifens of the acyclic series with IC 50 value down to 0.09 μM on MDA-MB-231 cell line. Up to now we have not been able to settle whether the complexes of the acyclic and ansa series acted via the same mechanism of action or not [15,16].

Many cytotoxic compounds, and in particular organometallic complexes such as Nheterocyclic carbene (NHC) gold complexes, are strong inhibitors of thioredoxin reductases (TrxRs), selenoenzymes involved in cellular redox regulation [17]. Both cytosolic and mitochondrial thioredoxin reductase isoforms possess a C-terminal active site containing a selenocysteine residue with a low pKa [18,19] therefore endowed with enhanced nucleophilicity. Consequently, many compounds, including anticancer agents, are considered to effectively target TrxR. Knowing the strong inhibiting properties of both electrophiles and metal complexes, we recently investigated the inhibitory properties of ferrocifens and osmocifens (Chart S1) and their QMs towards both isoforms of TrxR [10,20]. As expected, the QMs were much stronger inhibitors than the parent compounds (IC 50 around 2.5 and 15 μM, for the ferrocifens and osmocifens respectively) [10]. We also showed that mild enzymatic oxidation of the ferrocifens by the HRP/H 2 O 2 system generated species with the same spectral features as the authentic QMs. On the contrary, enzymatic oxidation of the osmocifens gave rise to different species that were identified as quinone methide cations and that displayed higher inhibitory properties towards TrxR than the QMs [20]. Thus, the species responsible for TrxR inhibition seems associated with different structures related to QMs. This prompted us to study the inhibitory effect of 1 on cytosolic TrxR [16]. Conversely to the acyclic ferrocifens and osmocifens, no quinone methide could be isolated from chemical oxidation of 1 [12]. This finding was ascribed to the constraints associated with its ansa structure that made the QM too unstable. Therefore, in the present paper, the enzymatic oxidation of 1 by the HRP/H 2 O 2 system was investigated as well as the inhibitory effect of the resulting species on TrxR1. This hypothesis was substantiated by ab-initio calculations and EPR spectroscopy studies of the intermediate species generated by oxidation allowing assignment of the active species to a radical.

Materials and methods

Ansa-FcdiOH 1 was synthesized as previously described [12]. Stock solution (1 × 10 -2 M) was prepared in DMSO and was stable for at least two months if kept at 4 °C. Horseradish peroxidase (HRP) and yeast glutathione reductase were purchased from Sigma Aldrich. (20 μl of 10 mM solution) were pre-incubated for 5 min then added to the solution of 1 (940 μl).

Enzymatic oxidation of

The solution was immediately transferred to a cuvette and the UV-Vis spectrum was recorded between 250 and 700 nm every 30 s on a Cary 50 spectrometer (Varian-Agilent, Santa Clara, CA, U.S.A.). Rate constants (k obs ) and half-lives (t 1/2 ) were calculated by fitting the OD 560 nm (at pH 8.1) or OD 413 nm (at pH 5) versus time data according to the first order law Eq. ( 1) with Scheme 1. Proposed oxidation sequence of 1 involving abstraction of 2 electrons and 3 protons and leading to the quinone methide (1-QM) followed by acid-base equilibrium of 1-QM.

Computational details

All calculations were performed using the Gaussian09 software (cf. Supplementary information). All compounds reported in Scheme 1 were optimized in the gas phase at Density Functional Theory level using the global hybrid PBE0 functional [21] and a double zeta basis set (including the corresponding pseudopotential to describe the core electrons of the metal atom [22]). The nature of each stationary point (i.e. minima) was confirmed by subsequent harmonic frequency calculations performed at the same level of theory. Calculations for open shell species were performed with an unrestricted formalism and spin polarization was found to be negligible. Vertical electronic transitions were computed using the optimized structures at TD-DFT level of theory using the same functional (PBE0) and a more extended basis (i.e. the 6-31 g(d) basis) set for all atoms but iron.

EPR spectroscopy studies

X-band EPR spectra were recorded on a Bruker Elexsys 500 spectrometer equipped with an Oxford Instrument continuous-flow liquid helium cryostat and a temperature control system.

A series of samples of 1 (50 μM) was mixed with HRP and H 2 O 2 in buffer pH 8.1 as indicated in Section 2.1, transferred in quartz tubes and incubated for different times (1, 2, 5, 10 min). At the end of the incubation the tubes were frozen in a liquid nitrogen bath and introduced in the EPR cavity. EPR experiments were performed at 10 K, using a microwave power of 0.159 mW (non saturating conditions) with a modulation of 1 G.

Thioredoxin reductase and glutathione reductase activity

Complex 1 (0.25 μM) was pre-incubated for different times (0.5-60 min) with HRP/H 2 O 2 (22 nM/0.1 mM) mixture giving 1 * . At the end of the incubation period, aliquots of highly purified TrxR1 (60 nM), prepared as described previously [23], were preincubated with the compound for 5 min at 25 °C in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA, and 0.25 mM NADPH. The reaction was started with 1 mM DTNB and followed spectrophotometrically at 412 nm for about 10 min.

GR activity (yeast glutathione reductase) was measured in 0.2 M Tris-HCl buffer (pH 8.1), 1 mM EDTA, and 0.25 mM NADPH after 5 min of preincubation with the various compounds (1 or 1 * ). The assay was initiated by addition of 1 mM GSSG and followed spectrophotometrically at 340 nm.

BIAM (biotinylated iodoacetamide) assay

TrxR (1 μM), pre-reduced with NADPH (60 μM) in 50 mM Tris-HCl buffer (pH 7.4) containing 0.2 mM NADPH and 1 mM EDTA, was incubated for 30 min with 50 μM of 1 or 2 μM of 1 * (prepared as described in Section 2.1). Then, aliquots (8 μl) of the reaction mixture were added to 50 μM biotinylated iodoacetamide (BIAM) in either buffer at pH 6 (0.1 M HEPES-Tris) or pH 8.5 (0.1 M Tris-HCl) and incubated at room temperature for 30 min to alkylate the remaining -SH and/or SeH groups. Then the samples were subjected to SDS-PAGE onto Bis-Tris Gel NUPAGE (12%) (Life Technologies Corporation, Carlsbad, CA, U.S.A.) and transferred to a nitrocellulose membrane. Proteins labeled with BIAM were detected with horseradish peroxidase-conjugated streptavidin and enhanced chemiluminescence detection [24]. We first observed the rapid appearance of two short-lived bands at 368 and 273 nm, only visible on the first spectrum recorded 0.4 min after addition of HRP + H 2 O 2 . It seems plausible to hypothesize that the structure of this transient species may be the radical 1 • resulting from one electron oxidation and one proton abstraction of 1 (Scheme 1). This hypothesis was confirmed by DFT calculation and EPR spectroscopy of the species generated by oxidation of 1 (cf. Section 3.2).

Results and discussion

Decreasing of these bands was followed by the emergence of a band at 560 nm associated with the bright pink color of the solution. The intensity of this band reached a maximum of absorbance at 15 min (k obs = 0.11 ± 0.01 min -1 , Fig. S1 A) then rapidly decreased (t 1/2 = 8 min; k obs = 0.09 min -1 , Fig. S1 B). This second species was attributed to the phenolate form of 1-QM (Scheme 1). This assignment was done by analogy with the spectral features of phenol red, the pH indicator classically used in cell culture, which also possesses a quinone methidephenol motif (Fig. S2) and displays a bright pink color at pH 8.0 and a yellow color at pH 6.0.

Actually, the pK a value of a phenol belonging to a quinone methidephenol motif is equal to 8.0, a value significantly lower than that of phenol that is equal to 9.9. Thus, at pH 8.1 this phenol is mostly in its phenolate form. Its negative charge is delocalized and is at the origin of the observed bright pink color (λ max = 560 nm) (Scheme 1). Indeed when enzymatic oxidation of 1 by the HRP/H 2 O 2 mixture was carried out at pH 5.0, the solution turned yellow instead of pink (Table S1 and Fig. S3). This yellow color (λ max = 413 nm) is the signature of the neutral quinone methide [10,25].

On the contrary to what is observed with phenol red, 1-QM in its phenolate form was not stable, since gradual conversion of the pink color to brownish was observed with time along with the appearance of insoluble species, associated with an increase of the baseline.

Nature of the intermediate species

Insights from DFT calculations

The nature of the intermediate species reported in Scheme 1 was further studied by abinitio calculations performed at Density Functional Theory (DFT) level. As depicted in Fig. S4, collecting the computed spin density for the radical cation, 1

•+ and the radical 1 * species, calculations unambiguously show that the first oxidation occurs at the Fe(II) center giving rise to a Fe(III) radical species (1

•+

, Scheme 1). After deprotonation on the other hand, the unpaired electron of the neutral radical 1 * is delocalized between the Cα position and the deprotonated phenol ring, so that two resonant structures can be formally written for this radical (1 Indeed, only for this species two electronic transitions are computed at 398 nm and 345 nm which give rise to the experimentally observed broad and asymmetric band observed at 368 nm.

On the other hand all other plausible intermediates such as the 1 •+ radical or the doubly oxidized carbocationic species (1-QM + ) are predicted to have no electronic excitation in this spectral region and to absorb around 458 nm and 461 nm, respectively. Since no raise of bands is observed in this spectral region we can thus confidently assign the transient species to the 1 ⁎ radical. For the sake of completeness the full list of the electronic excitations computed for 1, 1 S2).

Insights from EPR spectroscopy

EPR spectroscopy studies were performed to confirm the radical nature of 1 * . EPR spectrum recorded at 10 K after a 2 min period of incubation of 1 in the presence of HRP/H 2 O 2 in buffer pH 8.1, clearly showed a sharp peak at g = 2.0205 characteristic of an organic radical (Fig. 2A) which is not visible on the spectrum of the control experiment (Fig. 2B).

Kinetic studies in the range 1-10 min showed that this peak reached a maximum after 2 min then slowly decreased but remained detectable after 10 min (Fig. S5). Thus, the formation of a transient, but observable, organic radical species 1 * was confirmed by EPR spectroscopy. 

Kinetics of inhibition of cytosolic thioredoxin reductase (TrxR1) in vitro by 1 * , the enzymatically oxidized derivative of 1

In our studies recently performed in the ferrocifen and osmocifen series, we observed that the parent complexes were always poor inhibitors of TrxRs while their QMs or the compounds obtained by enzymatic oxidation were strong inhibitors of their activity [10,20]. This inhibiting property was assigned to the Michael acceptor character of the QMs. As the synthesis of 1-QM by chemical oxidation was unsuccessful [12], we decided to first study the kinetics of inhibition of TrxR1 by the compound(s) obtained by enzymatic oxidation of 1. As enzymatic oxidation of 1 by the HRP/H 2 O 2 mixture leads to short-lived compounds (vide supra), the activity of TrxR in the presence of 1 * was measured after short pre-incubation times (0.5-60 min) of 1 and HRP + H 2 O 2 . Results are displayed in Fig. 3.

The enzymatic activity of the mixtures of TrxR1 and enzymatically oxidized 1 was highly dependent on the time during which 1 and HRP + H 2 O 2 were pre-incubated. It decreased between 0.5 and 5 min pre-incubation time and reached a minimum (14% of residual activity) at 5 min. Thus the active species responsible for this rapid and efficient inactivation of TrxR1 may be attributed to 1 ⁎ as this radical species is generated in this range of time and is supposed to be very reactive. The activity increased back for longer pre-incubation times, i.e.

when 1-QM is formed. It means that 1-QM is a less potent inhibitor of TrxR1 than 1 * . This lower reactivity of 1-QM which is in its phenolate form at pH 8.1, could result from its delocalized charge and thus its lower electrophilicity. 

Inhibitory effect on cytosolic thioredoxin reductase (TrxR1) and glutathione reductase (GR) of 1 and of its enzymatically oxidized derivative (1 * )

The inhibitory effect on TrxR1 and GR of various concentrations of 1 and of 1 * , the oxidized species obtained after 5 min preincubation in the presence of the HRP/H 2 O 2 mixture, was studied and the results shown in Fig. 4. GR also belongs to the family of pyridine nucleotide-disulfide oxidoreductases and is structurally homologous to TrxR except that it lacks the C-terminal redox center. None of these species induced a significant inhibition of GR. Regarding TrxR1, 1 alone inhibited only slightly TrxR1 (IC 50 around 7 μM) while a significantly lower IC 50 value (around 0.15 μM) was found for the oxidized compound 1 * . In the open series, QMs were also found to inhibit cytosolic and mitochondrial TrxR more efficiently than their parent compounds [10]. However, the IC 50 value found for 1 * , hypothesized to be the quinone methide radical, was around ten times lower than that in the ferrocifen open series (IC 50 = 2.6 μM for Fc-monoOH-QM) [10]. This observation is fully consistent with our hypothesis that enzymatic oxidation of 1 leads to 1

• that is expected to be more reactive than the anionic QM (see above). Interestingly, 1 was found to be significantly more cytotoxic on cancer cells than Fc-monoOH (IC 50 = 0.09 μM versus 1.5 μM on MDA-MB-231 breast cancer cells) [16]. Thus inhibition of TrxR1 could be a major target for expression of cytotoxicity of 1. Moreover, the complete lack of activity of 1 and 1 * towards GR indicates that these complexes probably target the highly accessible Cterminal redox center of TrxR comprising Cys497 and Sec498.

Interaction of 1 and 1 * with TrxR: BIAM assay

In order to get information on the status of the C-terminal redox active center of reduced TrxR1 treated by 1 or 1 * , a BIAM (biotin-conjugated iodoacetamide) assay was performed. BIAM can alkylate TrxR1 by reaction of the thiol groups and/or the selenol group of Sec498 in a pH-dependent fashion. At pH 6, only selenocysteine can be derivatized, while at pH 8.5, both selenocysteine and cysteines can be derivatized by BIAM [24]. For this experiment, TrxR1 was first incubated with 1 and 1 * . Then the amounts of free selenocysteine and cysteine residues remaining on TrxR were quantified by reaction with BIAM at pH 6 or 8.5 followed by SDS-PAGE and detection of biotinylated protein with streptavidin-HRP. The corresponding Western Blot is displayed in Fig. 5.

Concerning 1, no decrease of the band intensity was observed after reaction of BIAM at pH 6 (lane b), while a slight decrease was observed at pH 8.5 (lane b'). Thus 1, at relatively high concentration (50 μM) is able to faintly interact with thiols, but is not related with the selenocysteine. Concerning 1 * , at low concentration (2 μM), as reported in Fig. 5 lane c and c', is able to titrate selenocysteine and in addition to interact with thiols. As control, the mixture of H 2 O 2 /HRP alone is unable to affect TrxR1. These results are in good agreement with the respective potency of 1 and 1 * as TrxR inhibitors (low for 1, high for 1 * ; Fig. 5). Interestingly, this result differs from that previously observed for ferrocifens since they selectively reacted with the selenol group of Sec498 [10]. 

Conclusion

In the same experimental conditions of enzymatic oxidation by the HRP/H 2 O 2 mixture previously used for metallocifens [10,20], we observed with 1, transient short-lived species attributed to a radical (1 * ) that converted into an unstable quinone methide in neutral or anionic form depending on the pH. Even if the half-life of 1 * is short it is observable by UV-Vis and EPR spectroscopies. This is attributed to the possibility of delocalization of the unpaired electron of 1 * between the Cα position and the deprotonated phenol ring. On the contrary, the quinone methide was the unique species observed after enzymatic oxidation of Fc-monoOH and Fc-OHTam suggesting a lower half-life of the corresponding radicals. On the whole, the work presented here shed light on the variety of reactive species involved in the mechanism of inactivation of TrxR by metallocifens, namely quinone methide for Fc-monoOH and Fc-OHTam, cationic species for osmocifens and radicals for ansa-FcdiOH. The next step will be to understand the mechanism by which the radical species inactivates TrxR at the molecular level and whereas this occurs in cells.

The formation of a free radical species opens interesting perspective regarding the potential effects of these compounds on cancer cell viability. In addition to the inhibition of thioredoxin reductase the free radical species formed after biological oxidation of the inactive parent compound may act on different cell targets. Of note, the maximum effect is elicited about 5 min from its formation, while, for larger times the effects markedly decrease, which is compatible with the action of a free radical species.
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3. 1

 1 Kinetics of enzymatic oxidation of 1 by the HRP/H2O2 mixture at pH 8.1 Kinetics of enzymatic oxidation of 1 by HRP/H 2 O 2 mixture was performed at pH 8.1, the pH used for the TrxR1 inhibition experiments, with a final concentration of 10% DMSO. Time evolution of the UV-Vis spectrum of 1 is shown in Fig. 1.

Fig. 1 .

 1 Fig. 1. Time evolution of the UV-Vis spectrum of 1 (50 μM) incubated at 25 °C in the presence of HRP (46 nM)/H 2 O 2 (200 μM) at pH 8.1 (0.2 M Tris-HCl, 1 mM EDTA) containing 10% DMSO. Pure 1 (0 min): band at 291 nm; after 0.4 min: bands at 368 nm (broad) and 273 nm (shoulder); after 5 min and 14 min: band at 560 nm; after 105 min: significant decrease of the band at 560 nm.

  presence of this electron delocalization justifies the radical stability. Of note, the deprotonation of the two phenols is predicted to be practically isoenergetic (energy difference of 0.8 kcal/mol in the gas phase). The first oxidation, leading to the formation of the 1 •+ species, is predicted to be more easily achievable than the second one yielding to the formation of the carbocationic species 1-QM + (energy difference of 6 kcal/mol) thus further substantiating the possibility of trapping the radical intermediate 1 * . Determination of the structure of the transient species depicted on Fig. 1 (UV-Vis bands at 368 and 273 nm) is difficult to be experimentally achieved but, on the basis of the UV-Vis spectra computed at Time Dependent DFT (DFT) level, it is plausible to attribute it to 1 • , the radical obtained after one electron oxidation and one proton abstraction of 1 (Scheme 1).

Fig. 2 .

 2 Fig. 2. EPR spectra recorded at 10 K at 9.3944 GHz of frozen solutions. A: spectrum after a 2 min incubation of 1 (50 μM) in the presence of HRP (46 nM)/H 2 O 2 (200 μM) in buffer pH 8.1; B: spectrum of the control (HRP (46 nM)/H 2 O 2 (200 μM) in buffer pH 8.1).

Fig. 3 .

 3 Fig. 3. Kinetics of inhibition of cytosolic thioredoxin reductase (TrxR1) in vitro by 1 * , the enzymatically oxidized derivatives of 1. Complex 1 (0.25 μM) was first preincubated for different times (0.5-60 min) with HRP/H 2 O 2 (22 nM/0.1 mM) mixture giving 1 * . At the end of the incubation, aliquots of highly purified TrxR1 (60 nM) prepared as described previously [23], in 0.2 M Tris-HCl, 1 mM EDTA buffer (pH 8.1) and NADPH (0.25 mM) were added and incubated for 5 min. Percentage of remaining TrxR1 activity was determined by estimating the DTNB-reducing property of the enzyme using a 1 mM DTNB solution monitored by UV-Vis at 412 nm for about 10 min.

Fig. 4 .

 4 Fig. 4. Percentage of TrxR1 and of GR activities. Enzymes were incubated for 5 min in the presence of various concentrations of 1 (TrxR •; GR ▼) or 1 * (TrxR ○; GR ᐁ). The latter was obtained by pretreatment of 1 with H 2 O 2 /HRP for 5 min as indicated in Materials and methods. TrxR1 and GR activities were measured as described in Materials and methods.

Fig. 5 .

 5 Fig. 5. Western Blot obtained after treatment of TrxR with 1 or 1 * followed by detection of the unreacted thiol/selenol residues by BIAM assay. TrxR1 (1 μM), pre-reduced with NADPH (60 μM), was incubated for 30 min with 50 μM of 1 or 2 μM of 1 * (prepared as described in Materials and methods) in 50 mM Tris-HCl buffer (pH 7.4) containing 0.2 mM NADPH, 1 mM EDTA. Then, aliquots (8 μl) of the reaction mixture were added to 50 μM biotinylated iodoacetamide (BIAM) in either buffer at pH 6 (0.1 M HEPES-Tris) or pH 8.5 (0.1 M Tris-HCl) and incubated at room temperature for 30 min to alkylate the remaining-SH/-SeH groups then subjected to SDS-PAGE as described in ref. [24]. Lane a, a': control; lane b, b' 50 μM 1; c, c' 2 μM 1 * ; d, d' control with H 2 O 2 /HRP.
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  1 by the HRP/H 2 O 2 system
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	performed at pH 8.1 (0.2 M Tris HCl, 1 mM EDTA) or pH 5.0 (48.5 mM citric acid and 103
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•+ , 1 • and 1-QM

  

+

are reported in Supplementary Information (Table

Acknowledgements

Authors acknowledge COST Actions CM1105 and CM1106 for financial support and for allowing fruitful collaboration, the RENARD network (IR-RPE CNRS 3443) and Dr. J.-L. Cantin, INSP (UMR 7588, CNRS -UPMC) for the access to the CW X-band EPR spectrometer and L.-M. Chamoreau for helpful discussion. This work was supported by CPDA130272 granted by University di Padova. This work was also supported by the LabEx MiChem part of French state funds managed by the ANR within the Investissements d'Avenir programme under reference ANR-11-IDEX-0004-02. We thank the National Institutes of Health and National Cancer Institute for grant 1R13CA200223-01A1 (Conference Organization support, 1st International Symposium on Clinical and Experimental Metallodrugs in Medicine: Cancer Chemotherapy, CEMM).

Table S1. Enzymatic oxidation of 1 (50 µM) by HRP (46 nM)/H2O2 (0.2 mM) system, kinetics of formation of the corresponding quinone methide under its phenolate form at pH 8.1 and neutral form at pH 5.0. 

Computational Details

All calculations were performed using Gaussian 09, Revision A.02, M. J. Frisch, G. W.