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 ABSTRACT: Carbon monoxide releasing molecules (CORMs) have important bactericidal, antiinﬂammatory, neuroprotective, and antiapoptotic eﬀects and can be used as tools for CO physiology experiments, including studies on vasodilation. In this context, a new class of CO releasing molecules, based on pentachlorocarbonyliridate(III) derivative have been recently reported. Although there is a growing interest in the characterization of protein−CORMs interactions, only limited structural information on CORM binding to protein and CO release has been available to date. Here, we report six diﬀerent crystal structures describing events ranging from CORM entrance into the protein crystal up to the CO release and a biophysical characterization by isothermal titration calorimetry, Raman microspectroscopy, and molecular dynamics simulations of the complex between a pentachlorocarbonyliridate(III) derivative and hen egg white lysozyme, a model protein. Altogether, the data indicate the formation of a complex in which the ligand can bind to diﬀerent sites of the protein surface and provide clues on the mechanism of adduct formation and CO release.
 
 ■
 
 therapeutic and neurometabolic eﬀects.11 The ﬁrst generation of CORMs involved complexes of Mn and Fe, like [Mn2(CO)10] and Fe(CO)5,3 and of Co,12 and their photoreaction in water have been recently studied.13 Further developments led to ruthenium derivatives, for example [Ru(CO)3Cl2]2 and tricarbonylchloro(glycinato) ruthenium(II) [RuCl(gly)(CO)3], named CORM-3.5 In this context, an interesting class of new CORMs based on [IrCl5CO]2− derivatives has been very recently developed.14 These compounds are soluble in aqueous media, are able to release CO spontaneously (i.e., without irradiation by light), and present CO-releasing rates comparable with those observed for known CORMs.14 In spite of the increasing expectations for the use of CORMs in medicine, until now, very little is known about the possible interactions of these molecules with proteins15 and even less about the successive CO release. A review on the elucidated crystal structures of organometallicprotein complexes, including CO containing metallodrugs, has been very recently reported by Herrick, Ziegler, and Leeper.16 In a recent paper the crystal structure of hen egg white lysozyme (HEWL) complexed with CORM-3 at 1.5 Å resolution has been reported.17 The interaction of other Ru-
 
 INTRODUCTION Carbon monoxide (CO) is a colorless, odorless stable gas that occurs in nature as a product of oxidation or combustion of organic matter. Owing to its lethal eﬀect when present at high concentrations, CO was considered for many years to be only a toxic molecule that results from air pollution by car exhaust. The discovery that CO is also a product of heme metabolism by heme oxygenases and that it can interact eﬀectively with disparate targets, such as soluble guanylate cyclase, cytochrome c oxidase, NADPH oxidase, or potassium channels to transduce important signals within cells, has modiﬁed our perception of CO as an environmental toxicant and has opened a new area of investigation on the biological properties of this molecule. Important results in this ﬁeld have been obtained using CO releasing molecules (CORMs), a group of compounds capable of delivering deﬁned amounts of CO into cellular systems, thereby reproducing the biological eﬀects of CO derived from hemeoxygenase activity.1−3 These molecules represent a useful pharmacological tool to exploit the bioactive properties of CO minimizing its toxicity. CORMs have been developed for the treatment of ﬁbrosis, inﬂammation, cancer, or other pathologic states associated with excessive protein synthesis or hyperproliferation.4 In fact, they have bactericidal,5 anti-inﬂammatory,6,7 antiapoptotic,8 antimicrobial,9 and antiproliferative eﬀects10 in many cell types. Furthermore, they show neuro© 2014 American Chemical Society
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 Figure 1. Overall structures of HEWL bound to [IrCl5CO]2− moieties. The structures have been reﬁned using data collected on crystals exposed to [IrCl5CO]2− at diﬀerent times (1 day (A), 4 days (B), 5 days (C), 6 days (D), 9 days (E), and 30 days (F)). The occupancy factor of iridium complex ranges from 0.29 to 1.0. In particular, the highest occupancy value for each site is 1.00, 1.00, 0.52, 0.70, 0.39, and 0.29 for the site from 1 to 6, respectively. C atoms are colored in yellow, oxygens are in red, nitrogen are in blue, iridium is in light blue, and Cl is in green.
 
 containing CORMs with HEWL has been also studied.17−20 Binding sites have been envisaged in diverse locations, i.e. close to His15, Asp18, Asp101, and Asp119.19 Here we report a crystallographic and molecular dynamics study on the binding mode of [IrCl5CO]2− to HEWL. The results herein presented provide the ﬁrst high-resolution crystal structures for a COcontaining iridium derivative−protein adduct, and more signiﬁcantly, they shed light on the CO release process.
 
 ■
 
 controlled room, where they are sporadically exposed to visible light. The dehydration process removes the need for cryoprotectants to be used, ruling out any eﬀect that the cryoprotectants might have had on binding to the protein.21 A complete data set was collected for all these crystals, but analysis of the Fo-Fc electron density maps obtained using the ﬁrst two data collections (i.e., after 20 min and 4 h) does not show evidence of Ir complexes bound to HEWL. Data sets were collected at the Institute of Biostructure and Bioimages of CNR, Naples, Italy on a Saturn944 CCD detector using Cu Kα radiation from a Rigaku Micromax 007 HF generator. Data were indexed and scaled using HKL2000.22 All the crystals belonged to P43212 space group and diﬀracted at high resolution (1.44−1.99 Å). In almost all cases, overall completeness of data is close to 100%, Rmerge is
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