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ABSTRACT: Carbon monoxide releasing molecules (CORMs) have important bactericidal, anti-
inflammatory, 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—CORM:s
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(IIl) 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.

B 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.' > 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 hyper-
proliferation.* In fact, they have bactericidal,’ anti-inflamma-
tory,"” antiapoptotic,® antimicrobial,” and antiproliferative
effects'® in many cell types. Furthermore, they show neuro-
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therapeutic and neurometabolic effects.'’ The first generation
of CORMs involved complexes of Mn and Fe, like
[Mn,(CO);o] and Fe(CO)s,* and of Co,"> and their photo-
reaction in water have been recently studied.”®> Further
developments led to ruthenium derivatives, for example
[Ru(CO);CL], and tricarbonylchloro(glycinato) ruthenium-
(I1) [RuCl(gly)(CO);], named CORM-3.° In this context, an
interesting class of new CORMs based on [IrCI;CO]*~
derivatives has been very recently developed."* These
compounds are soluble in aqueous media, are able to release
CO spontaneously (ie, without irradiation by light), and
present CO-releasing rates comparable with those observed for
known CORMs.'* 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
proteins'® and even less about the successive CO release. A
review on the elucidated crystal structures of organometallic-
protein complexes, including CO containing metallodrugs, has
been very recently reported by Herrick, Ziegler, and Leeper.'®

In a recent paper the crystal structure of hen egg white
lysozyme (HEWL) complexed with CORM-3 at 1.5 A
resolution has been reported.'” The interaction of other Ru-
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Figure 1. Overall structures of HEWL bound to [[rCl;CO]*” moieties.
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The structures have been refined using data collected on crystals exposed to

[IrCl;COJ*" 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.'”>°
Binding sites have been envisaged in diverse locations, i.e. close
to HislS, Aspl8, Aspl01, and Aspl119."” Here we report a
crystallographic and molecular dynamics study on the binding
mode of [IrCl;CO]*” to HEWL. The results herein presented
provide the first high-resolution crystal structures for a CO-
containing iridium derivative—protein adduct, and more
significantly, they shed light on the CO release process.

B EXPERIMENTAL SECTION

Materials. Hen egg white lysozyme (HEWL), sodium chloride,
sodium acetate, acetic acid, and K;[IrCly] was purchased from Sigma—
Aldrich. Cs,[IrCI;CO] was prepared starting from [IrClg]*” as
previously reported.'*

Crystallization and Data Collection. HEWL was crystallized
using the hanging drop vapor diffusion method and 1.2 M NaCl as a
precipitating agent in 0.050 M acetate buffer pH 4.5. Crystals of 0.2—
0.5 mm size appeared within 12—24 h and were stabilized overnight
with a harvesting solution containing 1.4 M NaCl in the same buffer. A
saturated solution of Cs,[IrCl;CO] was prepared in harvesting buffer
and added to the crystal drops. Yellow protein crystals were flash
frozen at 100 K, using the dehydration process,21 after 20 min, 4 h, and
1, 4, 5, 6, 9, and 30 days of storage at 25 °C in a temperature-

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.*' 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 Ka radiation from a Rigaku
Micromax 007 HF generator. Data were indexed and scaled using
HKL2000.>* All the crystals belonged to P4;2,2 space group and
diffracted at high resolution (1.44—1.99 A). In almost all cases, overall
completeness of data is close to 100%, Ry is <0.116.

Structure Refinement. The structures were solved with rigid
body refinement using CNS1.3*® and coordinates of the PDB entry
193L>* Several cycles of restrained refinement followed by visual
inspection, model building, adjustment in O>* were performed in
order to improve the models. The iridium peak positions were
identified using anomalous difference electron-density maps as a cross-
check with Fo - Fc electron-density maps. [IrCL,CO(H,0)]™ moieties,
i.e. the product of the hydrolysis of [IrCl;CO]*", were manually fitted
in the electron density maps. Structure validation was carried out using
Procheck®® and Whatcheck.”” The coordinates and structure factor
have been deposited in PDB with accession codes 4n9r, 4nhp, 4nhg,
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4nht, 4nhs, and 4nij. Refinement statistics were reported in Table SI in
the Supporting Information.

Raman Microscopy. Raman microspectroscopy data were
collected at the Department of Chemical Sciences of University of
Naples Federico 11, using an apparatus described elsewhere.”® Raman
spectra were collected for HEWL crystals, Cs,[IrCl;CO] powder and
for HEWL crystals soaked in a saturated solution of Cs,[IrCl;CO] in
1.2 M NaCl, 0.050 M sodium acetate pH 4.S. In order to assist the
Raman assignment of the medium frequency bands, opening and
closure of the crystallization box were also performed in an additional
experiment after 1 day of soaking and re-equilibration was followed.
The excitation line was 647 nm, with a power at the sample of 2 mW.
Spectral resolution was 4 cm™'. These experiments have been
performed using crystals that were sporadically exposed to visible light.

Molecular Dynamics Simulations. Molecular dynamics simu-
lations were performed using the coordinates of the crystal structure of
HEWL, including the Ir complexes, obtained after 6 days of soaking
(“6 days” crystal structure) as starting model. The system was
immersed in a box of TIP3P water molecules.”® The minimum
distance between the protein and wall was 10 A. The system was
simulated employing periodic boundary conditions and Ewald sums
for treating long-range electrostatic interactions.>® The shake
algorithm was used to keep bonds involving the H atom at their
equilibrium length. This allowed us to employ a 2 fs time step for the
integration of Newton’s equations. The temperature and pressure were
regulated with the Berendsen thermostat and barostat, respectively, as
implemented in AMBER.*' The cut off used was 8 A for the van der
Waals interactions. The system was first minimized to optimize any
possible structural clashes. Subsequently, the system was heated slowly
from 0 to 300 K under constant volume conditions. Finally, a short
simulation at a constant temperature of 300 K under a constant
pressure of 1 bar was performed, to allow the systems to reach proper
density. These equilibrated structures were the starting point for S0 ns
of MD simulations. Standard Amber parm99 parameters®> were used
for the protein. For [IrCl,CO(H,0)]” and [IrCl,CO(His)]~
parametrization, a protocol similar to that used in other protein—
metal complexes was implemented.*® Partial charges were RESP
charges computed using DFT method and B3LYP/6-31G* basis set
for C, N, O, and H atoms while the LANL2DZ basis set and
pseudopotential was used for the Ir atom.>* RESP charges used for our
calculations are reported in Table S2 in the Supporting Information.

Implicit Ligand Sampling Calculation. The free energy maps
for the CO migration process inside the protein core were computed
by the implicit ligand sampling (ILS) approach® that uses MD
simulations in the absence of the ligand and incorgorate it afterward.
Details on this method can be found elsewhere.***” Briefly, in the ILS
method, the free energy of placing a ligand in a site on the surface or in
buried regions of a protein is computed using a statistical
thermodynamic approach and dividing the space in a finite grid. ILS
calculations were performed in a rectangular grid (0.5 A resolution)
that includes HEWL; the probe used was a CO molecule. Calculations
were performed on 500 frames taken from the 50 ns MD simulation.

B RESULTS AND DISCUSSION

Adduct Formation. We present six crystal structures of the
complex formed between HEWL and [IrCI;CO]*" that differ in
the incubation time of preformed HEWL crystals with the Ir-
compound. The three-dimensional structures of the protein:Ir-
compound adduct have been analyzed by difference Fourier
techniques. The structures have been deposited in the Protein
Data Bank with codes 4n9r, 4nhp, 4nhgq, 4nht, 4nhs, and 4nij.
Overall structures of HEWL bound to [IrCI;CO]*" moieties
are reported in Figure 1. The inspection of electron density
maps of the six structures shows that the complex can bind to
the protein at up to six different sites close to His1$S (site 1);
Ser24, Asn27, and Val120 (site 2); Asn65 and Pro79 (site 3);
Asp18 (site 4); AsnS9, Trp62, Trp63, and Alal07 (site S); and
Asn46 and Thr47 (site 6). These results agree with ITC data

that suggest the presence of multiple Ir-compound binding sites
on the protein surface (Figure S1 of the Supporting
Information).

The binding did not cause any significant change in the
overall protein structure as judged by r.m.s. deviations in the
range 0.11—0.25 A for the superposition of the Ca atoms of
native protein with those of the complexes.

The comparison among the structures refined using data
collected on crystals exposed to [IrCl;CO]*" at different times
(Figure 1) suggests a plausible mechanism of adduct formation.

In the “1 day” structure, the Ir complex that has exchanged
the ClI atom trans to CO with a water molecule from the
medium binds to HEWL surface with one CI (Cl1) interacting
with NH atom of Argl4 (Figure 2). The binding of the Ir
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Figure 2. Geometry and coordination of ligand at the site 1 in the “1
day” structure. Hydrogen bonds between the Ir complex and protein
residues are depicted in dashed lines.

compound to this site (site 1) is further stabilized by hydrogen
bonds that CO forms with water molecules that in turn are
hydrogen-bonded to the carbonyl group of Argl28 (Figure 2).

In the “4 days” structure, two additional sites are found
(Figure 1). In the former (site 2), Cl1 and CI3 atoms are close
to ND atom (i.e., the N side chain atom) of Asn27 and N
amide atom of Vall20, respectively. The CO group is
hydrogen-bonded to the OG atom of Ser24 and to a water
molecule, which in turn is hydrogen-bonded to the amide N of
Gly26 (Figure 3).
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Figure 3. Geometry and coordination of the ligand at the site 2 in the
“4 days” structure. Hydrogen bonds between the Ir complex and
protein residues are depicted in dashed lines. The water molecule that
bridges CO with the N atom of Gly26 is omitted for the sake of clarity.
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In the latter (site 3), the complex is bound on the protein
surface in a cleft formed by Asn6S, Asn74, and Pro79 (Figure
4). Within this site, C12 and Cl3 and the water ligand are bound

Figure 4. Geometry and coordination of the ligand at the site 3 in the
“4 days” structure. Hydrogen bonds between the complex and protein
residues are depicted in dashed lines. The interaction between the
water ligand and the side chain of Asn6S has been omitted.

to ND side chain atoms of Asn65 and to a water molecule,
which is also involved in the formation of hydrogen bonds with
the side chain of Asn74.

In the “S days” structure, the [IrCl,CO(H,0)]” molecule,
i.e., the product of [IrCl;CO]*~ hydrolysis in water, coordinates
to the protein (Figure S): upon protein—Ir derivative adduct

Figure S. Geometry and coordination of ligand at the site 1 in the “S
days” structure. Hydrogen bonds between the Ir complex and protein
residues are depicted in dashed lines.

formation, the water molecule is lost and the vacant
coordination position is filled with the side chain of His1S. It
is possible that a mixture of [IrCLLCO(H,0)]™ and the Ir
complex bound to His coexist in the crystal. However, in our
model, only the adduct with the ligand bound to HislS has
been considered. In the adduct, Ir adopts a slightly distorted
octahedral geometry with the NE2 of His side chain and the
CO molecule occupying the axial positions and the chloride
atoms on the equatorial positions. Interestingly, at variance with
what was found in the case of CORM-3/HEWL adduct,17
where Ru binds His1S with occupancy of 0.8 and chlorides are
lost in the complex formation, in the present structure the Ir
derivative moiety retains both the Cl atoms and the CO, as
judged by the analysis of B-factors and by the inspection of
anomalous electron density maps (data not shown). ClI
interacts with NH amide of 11e88, CI2 with OH side chain atom

of Thr89 (Figure 5), and CI3 with NH side chains groups of
Argl4.

In the “6 days” structure, the site 3 becomes unoccupied
(Figure 1D), but other three new binding sites emerge (Figures
6 and 7). The first one is close to Asp18 (site 4) (Figure 6). In

Figure 6. Geometry and coordination of ligand at the site 4 in the “6
days” structure. Hydrogen bonds between the complex and protein
residues are depicted in dashed lines.
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Figure 7. Geometry and coordination of ligand at the sites 5 and 6 in
the “6 days” structure. Hydrogen bonds between the complex and
protein residues are depicted in dashed lines.

this site, the Ir compound has lost the CO molecule (Figure 6).
The second new Ir compound binding site is close to AsnS9,
Trp62, Trp63, and Ala107 (site S; Figure 7). The site 6 is close
to Asn46 and Thr47 (Figure 7).

In the “9 days” structure, all Ir compounds excluding that
bound to site 1 leave the protein surface (Figure 1E). Geometry
and coordination of the ligand in this structure is similar to that
described for the “S days” structure.

In the “30 days” structure (Figure 1F), the Ir compound in
the site 1 has lost the CO molecule (Figure 8) which is replaced
by a water molecule. In this structure, an oxygen atom of the
side chain of Asp87 replaces one of the CI ligands.

Since the experiments have been performed in the presence
of visible light, we cannot exclude that a photochemical reaction
is involved in the CO-release process.

To check the stability of the above-described HEWL—Ir
compound interactions, we have performed a 50 ns molecular
dynamics (MD) simulation using the “6 days” structure as
starting model. This structure includes the Ir complexes bound
to sites 1, 2, 4, S, and 6. The results of the MD study show that
all the Ir-compounds leave the protein surface in the first S ns.
Alal0, Lys13, Leu25, and Asn93 are the residues which interact
for longer times with the Ir derivative (see Figure S2 of the
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A

Figure 8. 2Fo-Fc electron density map at 0.8 ¢ of the site 1 in the “4
days” (A) and “30 days” (B) structure.

Supporting Information for the location of these residues on
the HEWL surface). Visual inspection of the simulation frames
suggests that the protein—Ir compound interactions are mainly
driven by the CO group. This hypothesis has been verified by
calculating the correlation between the orientation of the CO
toward the protein surface and the formation of stabilizing
interactions between the Ir compound and the protein. The
correlation value was as high as 0.86.

CO Release. An interesting result of this work is the
observation of the CO ligand release from the adduct at longer
times (Figures 1 and 8).

In the HEWL-[IrCl,CO(H,0)]™ adduct, the CO release
process seems associated with the loss of interacting molecules
on the HEWL surface (Figure 1E,F), further supporting the
idea that the presence of CO on the Ir compound has an
important role in the protein—ligand recognition. These results
are indirectly supported by the X-ray structure of the complex
between HEWL and [IrCls]*~ showing that this ligand binds to
different regions of the HEWL surface when compared to
[IrCl,CO(H,0)]~ (data not shown).

Vibrational spectroscopy studies of biorelevant metal carbon-
yl compounds have been often used to characterize the CO-
release process.38_41 Here, examination of changes in the
Raman spectra further corroborates the crystallographic data.
Raman microspectroscopy was used to monitor the ligand
exchange process for Ir ligands, with particular interest in CO
release, in HEWL crystals. Reproducible Raman spectra during
[IrCI;CO]*" soaking into HEWL crystals were collected in off-
resonance conditions (647 nm line) using a setup elsewhere
described.”® Raman spectra of Cs,[IrCI;CO] powder were
collected as reference as well.

Spectra were registered both in the low frequency (200—
1300 cm™', Figure 9) and in the medium frequency (1300—
2300 cm™', Figure 10) regions. The major Raman bands in the
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Figure 9. Low frequency Raman spectra of Cs,[IrCl;CO] powder,
lysozyme crystals and of protein crystals soaked in a saturated solution
of Cs,[IrCI;CO] as a function of time. Star refers to signals from
buffer. Excitation line 647 nm; power at the sample 2 mW; spectral

resolution 4 cm™.
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Figure 10. Medium frequency Raman spectra of Cs,[IrC;CO]
powder, lysozyme crystals, and protein crystals soaked in a saturated
solution of Cs,[IrCI;CO] as a function of time. Opening and closure
labels refer to the time of opening and closure of the crystallization box
(see text for rationale). Excitation line 647 nm, power at the sample 2
mW, spectral resolution 4 cm™. In this experiment it is possible that a
photochemical reaction can assist the CO releasing process.
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powder (Ir—Cl and CO stretching) are well visible, though
slightly shifted in the aqueous solution/crystal after few hours
of complex soaking (Figure 9). Within the crystal, Ir—CO
stretching (about S11 cm™") is covered by buffer and —S—S—
stretching modes. Nevertheless, the entrance into the crystal of
the Ir complex is well apparent from the additional low
frequency bands (around 300 cm™"), observed during the first
hours of soaking. Initially, multiple Ir—ClI stretching bands are
observed. This finding indicates the persistence of Cl in the Ir
coordination sphere. These spectral features simplify in a broad
band around 312 cm™, after about 1 day, that remains stable.

Considering the 2100 cm™ spectral region (CO stretching
region, Figure 10) other interesting features emerge. In
particular, in Cs,[IrCl;CO] powder, we can observe just one
signal at about 2060 cm ™. After hours of [IrCI;CO],” soaking
into HEWL crystals, three new bands are observed: a 2076
cm™" band and a shoulder at 2122 cm™' and a very intense
signal at 2173 cm™' (Figure 10, S h). These features are
persistent for days (data not shown).

The experiment in Figure 10 is different when compared to
that shown in Figure 9. Indeed, in Figure 10, Raman spectra
collected after opening and closure of the crystallization box,
planned to follow the re-equilibration of the CO-related bands
upon removal of free CO gas, were reported.

Upon opening the crystallization box, the sharp signal at
2173 cm™" almost disappears (Figure 10, 1 day). Upon closing
again the crystallization box, the pattern 2076—2122—2173
cm™ regains intensity (Figure 10, S—1S days). We tentatively
assign the 2076 cm™' Raman bands to a mixture of unbound
compounds ([IrCl;CO]*" and [IrCl,CO(H,0)]7); the 2173
cm™! signal is assigned to free CO trapped into protein crystal,
whereas the transient band at 2122 cm™ is tentatively assigned
to the adduct formed with His15 [IrCl,CO(His)].

According to the overall Raman-crystallographic interpreta-
tion, we can draw a clear picture of protein—[IrCl,CO(H,0)]~
interaction and of CO pathway in and out from the protein
crystal:

(a) [1rCLCO(H,0)]  entry from solution into the crystal.

(b) interaction with the protein and subsequent coordination
to His1$ side chain (Figure 1). This ligated form is stable
for several days (Raman data not shown and Figure 1), as
long as the CO release starts.

(¢) CO release from the non-covalently bound Ir com-
pounds (Figure 10, 1day) and subsequent release of
these compounds;

(d) CO release from the covalently bound Ir-compounds, i.e.
those linked to His1S (Figures 9 and 10, 37 days).

In order to analyze the HEWL ability to incorporate CO into
the protein core, implicit ligand sampling® (ILS) free energy
calculations of CO migration to the HEWL core were
performed over the 50 ns MD simulation aforementioned.
Our results show that the two lowest barriers to be crossed for
CO to get inside of the protein are about 9 and 17 kcal/mol.
Furthermore, no energetically favorable cavities for storing CO
can be seen by the inspection of the ILS maps. These data
suggest that, upon releasing from the CORM, the CO molecule
cannot be trapped by the protein matrix/core in solution.

B CONCLUSIONS

In this work, we have investigated the reactivity of [IrCl;CO]*~
with a model protein. Unambiguous evidence is provided for
His1$ as the primary anchoring site for the Ir derivative, thus

suggesting that this maybe an operative mechanism for
CORM-—protein binding and CO release in proteins with
exposed His residues. Interestingly, in the case of the HEWL—
[IrCl;COJ*" adduct, halogen bonding interactions™ form
between the ligand and the protein. This result provides a
further support to the recent idea that halogen bonds may be
capable of critically enhancing the binding affinity of small
compounds for pharmacological targets.*>**

The results of this work demonstrate that the formation of
macromolecular adducts between the CO-containing iridium
compounds and proteins can be reached via either covalent or
non-covalent interactions. This feature could be an advantage
for its medical applications, since it could be used to tune the
CO releasing rate. In fact, this type of complex is the best
system for delivering the particular derivative at interest site.
Covalent adduct assures the stability of the complex and could
help to achieve slow release of CO molecules and then the
release of the complex from the protein. Vice versa, the non-
covalent interactions are more labile and could produce a faster
CO release. These findings suggest that once formed, CO
containing Ir molecule—protein adducts could remain in
circulation even for a long time, while they slowly decay, as
recently suggested for CORM-3."'® In this process adducts
can release CO in different amounts and at different times.
Both, a quick and slow delivery of CO through the blood via
protein adducts could become a useful strategy for therapeutic
CO delivery in vivo.

B ASSOCIATED CONTENT
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Figures S1 and S2 and Tables S1 and S2. This material is
available free of charge via the Internet at http://pubs.acs.org.
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