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Abstract

Carbon monoxide (CO) is increasingly recognized as a cell-signalling molecule akin to nitric
oxide (NO). CO has attracted particular attention as a potential therapeutic agent because of its
reported anti-hypertensive, anti-inflammatory and cell-protective effects. We discuss recent
progress in identifying new effector systems and elucidating the mechanisms of action of CO on,
e.g., ion channels, as well as the design of novel methods to monitor CO in cellular environments.
We also report on recent developments in the area of CO-releasing molecules (CORMSs) and
materials for controlled CO application. Novel triggers for CO release, metal carbonyls and
degradation mechanisms of CORMs, are highlighted. In addition, potential formulations of
CORMs for targeted CO release are discussed.
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A. Introduction

Carbon monoxide (CO), a colour- and odourless gas, is typically produced when carbon-
containing compounds are only partially oxidized, such as in combustion engines. At high
concentrations, CO is toxic to humans and animals. It binds to haemoglobin about 200-times
more strongly than O,, and the resulting carboxyhaemoglobin is thus no longer available for
the oxygen transport in the body. With 50% of human haemoglobin occupied by CO,
seizures and coma may result, sometimes with fatal consequences. The major cause of its
toxicity, however, seems to originate from its distribution in the tissue where it affects
various targets.! However, despite of this toxicity, CO is increasingly appreciated as a cell-
signalling molecule akin to nitric oxide (NO).2 For example, CO relaxes smooth muscles at
low concentrations and lowers the blood pressure.3
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The major endogenous source of CO in the body is breakdown of haem. Physiological
degradation of haem occurs in a tightly controlled manner involving the enzyme haem
oxygenase (HO; EC 1.14.99.3), which cleaves the porphyrin IX in the presence of NADP
and molecular oxygen, resulting in the primary or first-order haem degradation products
(HDPs), consisting of CO, Fe2* and biliverdin IX (Fig. 1).% Biliverdin reductase catalyzes
the next degradation step in the presence of NADPH and H*, yielding the second-order
metabolite bilirubin X, which is then excreted in bile and urine. The bile pigments
biliverdin (green) and bilirubin (yellow) are easily recognized in haematomas, which change
colour over time as haem degradation proceeds. CO production following this route amounts
to about 16 umol/h per human body.>

The molecular action of CO, however, is to be considered a local event because of its
limited bioavailability and the dependence of its production on haem oxygenases. In
humans, there are two isoforms of this enzyme. The expression of HO1 is inducible,
triggered by the presence of free haem, thus signalling the need for haem degradation. In
contrast, HO2 is constitutively expressed. Since the activity of HOs always results to the
clearance of haem and the production of CO, in many cases it is hot unambiguously clear
whether the removal of haem or the release of the haem degradation products, such as CO,
or both, are the primary physiologically relevant end results. In any case, ample evidence
has accumulated to demonstrate that haem catabolism and the endogenous production of CO
serve a wide array of physiological functions. For example, induction of HO1 in the brain
improves outcome after cerebral ischemia®7 and HO2 was shown to be neuroprotective
during intracerebral haemorrhage,8 suggesting that either the clearance of haem or the
production of CO (or both) is beneficial. This becomes particularly clear in cerebral malaria,
a multifactorial disease induced by cerebral accumulation of haemoglobin via Plasmodium
infection, claiming more than 1 million lives annually, most of them children: HO1 and CO
were shown to be beneficial, HO1 because it removes free haem and CO because it binds to
haemoglobin and, therefore, inhibits haem release.%10

CO has attracted particular attention as a potential therapeutic agent because CO is
suggested to have anti-hypertensive, anti-inflammatory and cell-protective effects.3:11-14
For example, inhalation of CO gas under controlled conditions alleviates symptoms of
human pulmonary hypertension,1> presumably by interacting with the smooth muscle
signalling proteins such as guanylyl cyclase and potassium channels. CO inhalation also
appears to protect vital organs, including the brain, heart, lung and liver, during ischemia/
hypoxia and organ transplantation,16-19 although the underlying mechanisms remain
unknown. Consistent with the postulated beneficial role of CO, higher expression of HO
leads to a better outcome for patients after a septic shock.20

However, the practical clinical use of CO is currently hampered severely. Owing to the
relatively low solubility of CO in water (about 1 mM), its partitioning to body fluids and
target tissues is rather limited. To reach appreciable concentration inside the body, high
concentrations of CO would need to be inhaled. Furthermore, interaction with physiological
environments complicates a targeted administration as well as research on its physiological
functions.3 Therefore, various methods have been devised to deliver CO precisely to the
target locations without off-target effect. CO-releasing molecules (CORMs) that can be
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targeted to specific sites in the body and locally liberate CO are thus urgently needed for
research and possibly for clinical applications. Furthermore, in most cases reported
beneficial effects of CO on organ function or whole organisms are not understood in
molecular detail, specifically lacking insight into the molecular target sites and mechanisms
by which CO interacts with biomolecules to alter their function. Here we will therefore
review recent advances in studying physiological effector sites of CO as well as novel
approaches for the synthesis and use of CO-releasing molecules and materials. Both aspects
suffer from a common limitation, namely elucidation of when and where in the body CO is
present to exert its activity. Therefore, we will also address new promising methods for the
monitoring of CO in living cells.

Several excellent review articles have been published on special topics of the physiology
and controlled release of CO.21.22 A recent tutorial review discusses features for developing
drug molecules for therapy with CO.23 Two novel fluorescent probes for monitoring CO in
living cells have been illuminated.?* In addition, emerging concepts on the anti-
inflammatory actions of CORMs have been shown.3:12 A perspective on CORMSs was
written by Mann.2526 Reviews have been published on photoactivated CORMs
(photoCORMs).27-29 Potential photoactivated metallopharmaceuticals, such as active
molecules and supported drugs, have been featured in this journal.3°

B. Effector systems

It is conventionally thought that transduction of CO by biological molecules requires a
cofactor. While some prokaryotic oxygenases and oxidases without any prosthetic group or
metal cofactor are capable of interacting with 05,3132 for CO the presence of reduced iron
(Fe?*), typically haem iron, is considered to be essential (“haem-based CO sensors”).2
Numerous haem-containing proteins are present in a typical cell,33 rendering the number of
potential direct and indirect effectors of CO or CO-sensitive components exceedingly large.
The potential effectors include cell-signalling enzymes such as transcription factors, some of
which take part in regulation of circadian rhythm, cystathionine -synthase involved in H,S
production, guanylyl cyclase and ion channel proteins.21:22:33 |t is not surprising then that
experimental application of exogenous CO (see section A) has been reported to induce
multitudes of effects. Select putative CO effectors — focusing on those in mammalian
systems — are discussed below to highlight diverse mechanisms of regulation by CO. Other
examples, such as ion channel regulation in mammalian cells, are found in Wilkinson and
Kemp34 and Peers.3> For more discussion of CO-sensitive microbial proteins including
CooA and CODH, readers are referred to Roberts et al.,36 Gullotta et al.,?2 and Boer et al.3’

Neuronal PAS domain 2 (NPAS2) transcription factor

Circadian control of cell function involves multiple transcription factors.38 Among them,
NPAS2, expressed in the brain, contains a basic helix-loop-helix (b HLH) DNA binding
domain and two PAS (Per-Arnt-Sim; PAS-A and PAS-B) domains, and each PAS domain is
capable of binding haem.3% NPAS2 forms a heterodimer complex with another protein and
binds to its target DNA sequence. An in vitro study suggests that the dimer formation and
the DNA binding activity of NPAS2 with haem bound is inhibited by at uM levels of CO.3°
Raman spectroscopy measurements indicate CO impairs the histidine-mediated ligation of
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the reduced haem iron.40 How the altered haem-ligation inhibits the dimer formation and
DNA binding is not known.

Guanylyl cyclase, nitric oxide synthase and CO

The enzyme soluble guanylyl cyclase (sGC; EC 4.6.1.2) is a haem-containing heterodimeric
complex (typically a1/p1) that catalyzes conversion of GTP to cGMP, an intracellular
messenger that initiates a variety of physiological responses.#1-43 Each subunit possess
multiple domains, from the N to C termini: an H-NOX domain (haem-nitric oxide/oxygen
binding domain), a PAS domain, a CC (coiled-coiled) domain and a CAT (catalytic)
domain.43 The activity of sGC under reducing conditions is markedly enhanced, more than
100-fold, by the gaseous messenger nitric oxide (NO)*44° and this regulation accounts for
the well-known vasodilatory influence of NO.#6 CO has been reported to increase the sGC
activity albeit much less effectively than NO,*>47 approx. 3- to 4-fold.#44° It may be noted
that such an increase in the enzymatic activity by CO was not observed in a separate
study.*8 Oy, present at a higher concentration than NO in contrast, has no effect on SGC.47:49
The postulated COmediated increase in the sGC activity may contribute in part to the
vasodilatory action of low concentrations of CO.50:51 The structural and physicochemical
bases of the interactions of NO and CO with sGC have been studied.>2 The H-NOX domain
of each  subunit of sGC may contain a haem whose propionate groups are surrounded by
the conserved sequence motif Tyr-X-Ser-X-Arg where X is any amino acid (Fig. 2A).53 The
reduced haem iron centre is coordinated by a His residue. This results in a pentacoordination
mode. A single NO molecule binds to the distal side of the haem iron (at least transiently),
creating a hexacoordinated haem (Fig. 2B). The fully activated state of sGC is
pentacoordinated** in which the original proximal His ligand is displaced 2. Like NO, a CO
molecule also binds to the distal side of the haem iron (Fig. 2C). The atomic structural
changes induced by binding of NO or CO are subtle (Fig. 2); a very slight pivoting of the
haem cofactor (<1 A) has been suggested to account for the enhanced enzymatic activity.>2
In addition, a change in the hydrogen bonding network around the haem cofactor has been
proposed to account for the contrasting effects of NO and O, on sGC.49 Additional insights
into the conformational changes induced by NO and CO in sGC may be inferred from the
results using YC-1, an indazole-based compound.#® YC-1 allosterically increases the sGC
activity; in particular, in the presence of YC-1, CO is capable of markedly increasing the
catalytic activity essentially to the same level as that by NO.#554 It has been hypothesized
that YC-1 binds to the H-NOX domain and alters the interaction between the H-NOX and
PAS domains.?® Physiologically, activation of sGC by CO should lead to an increase in
cGMP concentration, which in turn activates cGMP-dependent protein kinase (PKG). PKG
could then influence a plethora of signalling effectors — hence CO may exert numerous but
indirect downstream effects.

The synthesis of NO from L-arginine by nitric oxide synthases (NOSs), haem-containing
proteins, is also subject to regulation by CO and NO:%6 these gaseous regulators inhibit the
catalytic activity, potentially providing a negative feedback mechanism. A structural study
suggests that CO binds to the distal side of the haem iron centre near the ligand L-arginine.>’
While the changes in the overall structure of the enzyme induced by CO binding are again
subtle, the presence of a CO near the haem iron centre and the ligand L-arginine is
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speculated to alter the local hydrogen bonding network, leading to inhibition of the NOS
catalytic activity.>’

CO sensing without haem in microbial enzymes

Select microbial proteins interact with CO in a haem-independent manner.37-58 For example,
CO dehydrogenase (CODH; EC 1.2.99.2), which catalyzes oxidation of CO to CO»,
contains no haem but each subunit in the dimeric enzyme complex forms multiple
metalloclusters with copper, nickel, iron, and/or sulphur.3’ Crystal structures of CODH
suggest that CO interacts with the nickel ion in one of the metalloclusters (“C-cluster”).59.60
Whether or not similar metallocluster-dependent CO sensing occurs in mammals has not
been determined.

Large-conductance Ca?*- and voltage-gated K* channels and CO

CO relaxes isolated vascular smooth muscle cells in the absence of endothelial cells.6 A
consensus exists that CO (somehow) stimulates large-conductance Ca2*- and voltage-gated
K* channels in vascular smooth muscle cells. These K* channels, which are also known as
BK (“big potassium™), maxi K and Slo1 channels, mediate gated fluxes of K* ions according
to their electrochemical gradient.52 Opening of the “gate” of the channel to allow K* flux is
allosterically facilitated by binding of Ca?* to its Ca?* sensors (“RCK1 Ca2* sensors” and
“RCK2 Ca2* sensors™) in the cytoplasmic domain and/or by depolarization-mediated
activation of its transmembrane voltage-sensor domains (VSDs) (Fig. 3A, B). Greater
activation of BK channels helps to stabilize the membrane potential at a negative level,
which in turn prevents opening of depolarization-activated Ca* channels, thereby inhibiting
cellular activation. In this manner, stimulation of BK channels in smooth muscle cells by
various cellular signalling molecules such as CO exerts a vasodilatory influence.63-65

In all likelihood, CO activates BK channels in multiple ways. The evidence is consistent
with the idea that phosphorylation of the BK channel by PKG at selected cytoplasmic Ser
residues (Ser855 and Ser869%¢ and Ser107257 in human Slol AAB65837) increases the
overall probability that the channel gate is open. Exactly how phosphorylation of these Ser
residues in the cytoplasm domain alters the energetics of the ion conduction gate in the
transmembrane domain located several nanometres away is unclear.58-70 Because CO
stimulates sGC, albeit weakly, leading to activation of PKG (see above), it is expected that
CO promotes PKG-mediated phosphorylation of BK channels and then increases the
channel activity. CO is also reported to stimulate another K* channel type (TREK1) through
activation of the cGMP/PKG pathway.’!

Additionally, CO has been postulated to directly alter the BK channel activity in a cell-
signalling cascade-independent fashion. Application of CO itself and generation of CO by
CORM-2 (Fig. 7) increase the channel open probability in excised membrane patches where
the normal intracellular signalling network is disrupted.”3-77 According to the idea that the
interaction with CO requires a reduced cofactor, the sensitivity of the BK channel to CO and
CORM application in cell-free patches suggests the protein itself may harbour a tightly
bound cofactor. Structural studies show that some ion channel proteins do contain
structurally and functionally important Zn?*78.79 An atomic structure of the complete BK
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channel protein is not yet available. However, the structures of the cytoplasmic domain of
the BK channel (see Fig. 3C) expressed in insect cells at resolutions of approx. 3.0 A show
no redox-sensitive cofactor.58-70 How could the BK channel apparently without a cofactor
respond to CO? This remains an open question.

Some circumstantial clues are available. The enhancement of the channel activity by CO is
observed using low Ca2* solutions chelated by mM concentrations of EGTA or EDTA®
(but see’5). These chelators have higher affinities for multivalent cations like iron, copper,
manganese and cobalt than for calcium. Thus CO stimulates the BK channel activity even
when the concentrations of these free multivalent cations are negligible. The CO action was
also observed following pretreatment of the channel with the oxidizing agent H,0,;"®
solvent exposed oxidation-prone cofactors, if present, may not be essential. However,
cyanide at uM levels abolished the response to CO (cyano metal complexes often have
critical stability constants log K > 30).77 This observation may suggest that the BK channel
protein contains a metal cofactor. However, as noted above, such a tightly-bound cofactor is
not detected in the available structures of the BK channel cytoplasmic domain.58-70 If the
BK channel contains a cofactor, it may be present in the unstructured areas of the channel
protein such as the cytoplasmic RCK1-RCK2 linker segment and the cytoplasmic distal C
terminus unresolved in the available structures. It is also possible that the BK channel
protein itself does not contain any cofactor but it may intimately associate with a separate
cofactor-containing structural component in select cells, perhaps forming a macromolecular
complex. The idea that BK channels participate in formation of macromolecular complexes
has received some experimental support.’4:80

The stimulatory effect of CO is diminished by high concentrations of intracellular Ca2* 75.76
or low intracellular H*-81 Therefore, the conformational changes in the BK channel protein
induced by CO may resemble those by Ca2* and H*:7581.82 CQO increases the gate open
probability without requiring activation of the VSDs.81

Chemical modification and mutagenesis studies implicate two specific His residues in the
channel’s response to CO.73.75 Pretreatment of the channel with the imidazole modifier
DEPC’3.75 or mutation of His365 and His394 located near one of the two Ca2*sensors
(“RCK1 Ca2* sensor”; Fig. 3B) in the BK channel protein®-70.75.77 at Jow intracellular
Ca?* concentrations markedly impairs the channel’s response to CO and CORM-2 (50 pM).
However, application of high concentrations of CORM-2 (e.g., 300 uM) stimulates the
channel even when His365 and His394 are absent,’” suggesting that His365 and His394 may
preferentially mediate the channel’s sensitivity to low concentrations of CO. The exact
functional roles played by His365 and His394 are not yet known. The two His residues
could somehow directly interact with CO in a novel way or couple the information regarding
the interaction of CO with its sensor located elsewhere to the ion conduction gate. In
addition to His 365 and His394, Cys911 is involved in the channel’s response to CO.
Cys911 is located near the RCK2 Ca2* sensor (Fig. 3B)88-70 and plays an important role in
the oxidative sensitivity of the Ca2* sensing of the channel.83.84 Mutation of Cys911
diminishes the channel’s response to CORM-2; the dose dependence results suggest that the
mutation preferentially decreases the efficacy of CO without altering the half-maximal
effective concentration.”’
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In summary, the stimulatory effect of CO on the BK channel, not surprisingly, involves
multiple amino-acid residues: at least, two His residues (His365 and His394) near the RCK1
Ca?* sensor and a Cys residue (Cys911) near the RCK2 Ca2* sensor. Whether these residues
comprise the CO sensor(s) of the channel or the coupling mechanism connecting the
ultimate effector, the gate of the channel, and the CO sensor elsewhere in the channel or
even in a different intimately associated protein remains unclear. Histidine and cysteine can
complex with metal ions but the atomic structures of the cytoplasmic domain of the
channel®-70 do not reveal any metal bound to His365, His394 or Cys911.

Local action of CO on BK channels

CO is potentially capable of altering functions of numerous haem-containing enzymes. The
uncontrolled and global action of CO would be detrimental to normal cell function. How
could CO target specific effectors, such as BK channels? The key concept is the local action
of CO. CO is primarily generated by HO1 and HO2 from haem in an oxygen- and NADPH-
dependent manner (see A, Fig. 1). Thus, the molecules in the close vicinity of HOs are
expected to be more readily influenced by CO. In selected cells, Slo1 channels are reported
to exist co-localized with HO2 so that small quantities of CO could have a significant and
rapid impact on the channel function without altering other proteins.” Under normoxia,
HO2 provides a basal stimulatory influence on nearby BK channels via CO. With a decrease
in oxygen tension (hypoxia), the CO generation by HO2 is compromised and the stimulatory
influence diminishes. In this manner, CO is an important mediator of hypoxia sensing in
carotid body glomus cells”# although other mechanisms are operative.85:86

A similar mechanism of O,-dependent regulation involving CO and haem together is
observed in voltage-independent trimeric Na* channels®’ expressed widely in epithelial cells
(ENaCs).88 Application of haem and NADPH, both of which are required for the HO to
produce CO, stimulates the channel. CORM-2 also stimulates the channel activity. In
contrast, haem applied under hypoxic conditions inhibits the channel activity. The molecular
domain of ENaC responsible for ligation of haem is not known and whether ENaC and HO
colocalise has not been established.

As illustrated in the examples discussed earlier, haem is a stable cofactor in numerous
proteins, often conferring gas sensitivity to the parent proteins. While the concentration is
low, free haem does exist in cells.8% Free haem at nanomolar levels is capable of acutely and
directly regulating the BK channel activity.?0 The relatively unstructured cytoplasmic
RCK1-RCK2 linker region (Fig. 3B) coordinates haem using His and Cys residues.0-93
Addition of exogenous free haem to the channel weakens the allosteric coupling between the
VSDs and the ion conduction gate.?* Consequently, the gate open probability is higher at
negative voltages and lower at more positive voltages.®* This modulatory action of
exogenous free haem is diminished by CO and may represent another mechanism by which
CO alters the channel function.®?

Voltage-gated Ca2* channels, CO and ROS

Yet another mechanism by which CO influences its effectors is through generation of
reactive oxygen species (ROS). CO binds to the mitochondrial complex IV enzyme
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cytochrome ¢ oxidase and increases the mitochondrial production of ROS.95:9% ROS can in
turn alter many proteins including voltage-gated Ca2* channels.%”

Both NO and CO are excellent ligands for haem in sGC with similar binding behaviours
(Fig. 2B and C). The high binding affinities to iron porphyrins have been also used in the
detection of NO and CO.% However, elucidation of the physiological roles of CO demands
for improved analytical methods of CO sensing.?9-191 The following section addresses
recent advances in this rapidly developing field.

C. CO detection

Established methods for CO detection include gas chromatography,192 laser infrared
absorption193 and electrochemical assays.99:194 In addition, colourimetric CO sensing is an
important alternative,102:195 in particular if the aim is to monitor CO in living cells, organs
or whole organisms.

The standard in-vitro test for CO is the carboxy-myoglobin (Mb-CO) assay, where CO is
added to a solution of reduced deoxy-Mb and the formation of Mb-CO is followed via
absorbance spectroscopy. Optical changes on CO binding in the a or B regions or in the
Soret band are detected.108 Using this method, striking discrepancies in the CO release rates
of (Ru(C0O)3Cly), (CORM-2) and [Ru(CO)3ClI(glycinate)] (CORM-3, see Fig. 7) have been
reported.107 Subsequently, it was shown that the reducing agent sodium dithionite, not
myoglobin, is responsible for rapid CO release from Ru-based CORMs in the Mb-CO assay.
In addition, dithionite also enhances CO release rates from other CORMSs.191 To overcome
the problem, two novel protocols have been recently introduced. Oxy-hemoglobin1%! and a
modified myoglobin assay%8 have been used for reliable determination of CO-release rates
from organometallic carbonyl complexes.

It was recently shown that CO can be detected selectively and with high sensitivity by the
binuclear rhodium complex cis-[Rha(CgH4PPhs)2(02CCHz3),](HAC),.199 It contains two
cyclometalated phosphine ligands and undergoes a colour change from violet to orange via
replacement of an acetic acid (HAc) molecule by CO (Fig. 4). In addition, replacement of
the second HAc by CO induces a colour change to yellow.110 A collection of binuclear
rhodium complexes displayed high CO selectivity with remarkable detection limits. For
example, ([Rho{(m-CH3CgH3)P(m-CH3CgH4)2}2(0,CCH3),](HAC),), adsorbed on silica
gel, is capable of CO detection by the “naked eye” at concentrations as low as 0.2 ppm in
air.110 Furthermore, the binding of CO in all rhodium complexes was fully reversible.

Unfortunately, the organometallic dirhodium compounds are only soluble in organic
solvents, such as chloroform. Thus, these complexes are not useful for the real-time
detection of physiological levels of CO inside living cells. In this context, fluorescence
sensing and imaging has emerged as one of the most powerful techniques to monitor the
concentration, localization and even movements of biomolecules in living systems.111.112 A
variety of fluorescent probes for other small signalling molecules, such as NO and hydrogen
sulfide,113 has been already deployed in biology.11* Recently, the development of
fluorescent probes for CO has experienced a boost with a biosensor!!® and an
organometallic palladium complex probe.118 Although these two approaches appear distinct,
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the fundamental design strategy is similar. In both cases the strong binding affinity of CO to
transition metal ions is exploited.24

The palladium probe is able to detect CO in living cells based on metal-mediated
carbonylation chemistry (Fig. 5).116 The cyclopalladated species COP-1 quenches the
fluorescence of the borondipyrromethene difluoride (BODIPY) core via heavy-atom
electronic effects. Upon binding of CO, a carbonylation reaction concomitantly releases
Pd(0) and a BODIPY dye with high fluorescence intensity. A 10-fold fluorescence
enhancement was observed only in the presence of CO compared with biologically relevant
reactive oxygen, nitrogen and sulphur species. The fluorescence intensity enhancement is
concentration dependent with a detection limit of 1 uM of CO. The nontoxic and
biocompatible palladium-based probe allows CO monitoring in living cells. However, the
response time is about an hour to reach the highest level of fluorescence enhancement.

The other approach utilizes the interaction of CO with an iron-containing haem protein as
exemplified in the detection mechanism of the fluorescent probe COSer (Fig. 6).115 The
biosensor uses a yellow fluorescent protein (YFP) as the fluorescent reporter and CooA, a
dimeric CO-sensing haem protein from Rhodospirillum rubrum. Upon treatment with 10 uM
CO for 10 minutes, the probe exhibits a small two-fold fluorescence intensity enhancement.
This observation was attributed to the conformational change of CooA upon binding to CO.
The probe showed good selectivity for CO against other relevant haem binding ligands, such
as H,S, GSH, NO, 05, CN~and imidazole. The probe COSer is able to monitor CO
fluctuations inside living HelLa cells.

The properties of the genetically encoded fluorescent probe COSer and small-molecule
fluorescent probe COP-1 have been critically assessed.2* The COP-1 probe displays a larger
fluorescence signal enhancement (10-fold) than the genetically encoded fluorescent probe
COSer (2-fold) in vitro. However, the biosensor COSer is faster than COP-1 in the response
time. Another striking difference is given by the reversibility of the sensors. While the
interaction of the COSer probe with CO is reversible, that of COP-1 is irreversible. Thus, the
COSer is better suited for real-time detection of CO while COP-1 is more appropriate for
monitoring low concentrations of CO because of signal accumulation. It is also important to
note that the irreversible COP-1 might act as a scavenger of CO from biological systems,
much like myoglobin (see beginning of section C), thereby significantly shifting equilibria
of CO exchange.

However, more robust and more sensitive CO sensors are still needed for the investigation
of COmediated cellular signalling mechanisms and for the evaluation of potential
pharmaceutical CO donors designed to treat human diseases. While pharmaceutical NO
donors are widely used, the development of methods for delivering CO has not yet led to
clinical trials of promising CO-donating compounds.11” Nevertheless, investigations on the
potential role of CO gas and CO-releasing molecules as therapeutics are ongoing.312-14
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D. Controlled release of CO

CO-releasing molecules (CORMS)

The high toxicity of inhaled CO necessitates sophisticated strategies to administer a defined
amount of CO as a therapeutic agent at a predetermined location and time. Consequently,
carriers of CO that meet specific requirements, such as solubility in aqueous media, low
toxicity of these “small” CO-releasing molecules (CORMSs) and their degradation products
as well as a triggered CO liberation from these compounds, are clearly needed.

Diverse compound classes enable a triggered CO delivery. For example, transition metal-
free Nay(H3B-CO,) (CORM-AL) liberates CO upon acidification.118.119 The first
protonation step yields Na[H3B-CO,H] and a second leads to split-off of water and
formation of H3B-CO, which rapidly loses CO.120 Further, a water-soluble fluorescein
analogue 6-hydroxy-3-oxo-3H-xanthene-9-carboxylic acid was recently introduced as the
first transition metal-free CORM activated by light at a wavelength of 500 nm.121
Organometallic compounds have recently gained significant attention in potential medicinal
treatments.122 Up to now, metal carbonyl complexes represent preferred reagents to deliver
CO because they offer manifold advantageous variations, such as nature and oxidation state
of the metal centre (size, charge, Pearson hardness, Lewis acidity, structural diversity),
number of carbonyl ligands, nature of coligands (charge, Lewis basicity, n-bonding
properties, complex stability) and outer coordination sphere (solubility, Bransted acidity,
amphiphilic character, Fig. 7 and 11).2325.26.123 Cyrrent developments also include
investigations to enhance the variety of CO-release triggers and to clarify degradation
pathways after liberation of CO.

Metal carbonyl complexes have been available for many decades;124 however, their
therapeutic use as CO-donating reagents has become appreciated only recently.125 Metal-
based CORMs can contain essential trace elements (especially manganese, iron and cobalt)
as well as non-physiological metals such as ruthenium, tungsten and rhenium.122.126 Here,
only a selection of very recently investigated CORMs of Cr-, Mn-, Fe-, Mo-, W-, Re- and Ir-
containing complexes will be discussed, classified by the three most important mechanisms
of CO-release: light-triggered release of CORMSs (photoCORMS), solvent-induced ligand
exchange on CORM s and enzyme-triggered CORMs (ET-CORMs).23123 CORM s are
considered to be possible prodrugs that deliver the signalling molecule CO at the disease
site. The vast development of these compounds is based on the first CORM generation
consisting of the DMSO- and ethanol-soluble metal carbonyl complexes Mn,(CO)1g
(CORM-1, light-triggered CO release) and CORM-2 (ligand exchange-triggered CO release)
as well as water-soluble (OC)3RuCI(O,C-CH»-NH>) (CORM-3, ligand substitution-
triggered CO release).13

In order to ensure solubility and stability in aqueous media, solvent-separated ions
containing non-coordinating anions proved to be advantageous. The recent photoCORM
[(OC)3Re{P(CH,0H)3}(bpy)](F3CSO3) was stable and soluble in aerated water and showed
no apparent cytotoxicity; irradiation with light initiated the liberation of one CO molecule,
which was replaced by a water ligand.127 A similar strategy was applied by the group of
Mascharak to deliver CO with photoactive manganese(l) complexes of the type
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[(OC)sMn(L)]* with L being a tripodal ligand such as tris(2-pyridyl)amine or bis(2-
pyridylmethyl)amine.128-130 However, [(OC)3Re{P(CH,0OH)3}(bpy)](F3CSO3) bears an
outstanding feature: the CORM itself and the inactive CORM (iCORM) products are
fluorescent and can be detected by fluorescence microscopy in biological medium.127
CORM and iCORM can be discriminated via different emission wavelengths.

CO-containing metal anions also prove to be soluble in aqueous media. Iridates(l11) of the
type [Cl4Ir(CO)(L)]™ with trans-arranged Lewis base L and CO are an impressive example
because the nature of L (H,O, pyridine, 1-methyl-imidazole, 4-dimethylamino-pyridine)
influences the back donation of charge into the 7*(CQ) orbital and the M-CO dissociation
energies thus allowing predetermining the CO-release properties.131 If the toxicity of the
metal comes to the fore, iron-based CORMSs seem to be advantageous. This strategy can be
promoted if iron(I1) is embedded in a coordination sphere of biogenic ligands also limiting
toxic degradation products after CO liberation. Examples of this strategy include photo-
labile [(OC),Fe(SCH,CH,NH5)5] (CORM-S1)132.133 ang
[(OC),Fe{SCH,CH(CO,H)NH,},]*34 with bidentate cysteamine and cysteine ligands,
respectively, and cis-arranged carbonyl ligands. Homologous [(OC),Ru(SCH,CHyNH5),] is
not a suitable photoCORM due to the rather short wavelength required for Ru-CO bond
activation. However, polypyridyl ruthenium(ll) carbonyl complexes allow photoinduced CO
liberation.135 In addition, Mascharak et al. demonstrated the role of ancillary ligands on the
capacity of CO photorelease of mono- and dicarbonyl ruthenium(ll) complexes with an
N,N,S-donor ligand.136 Nevertheless, the lack of toxicity led to the development of diverse
organoiron complexes as suitable photoCORMs.27:28:30 A recent example was reported by
the group of Kodanko. The stable iron carbonyl complex [Fe(CO)(N4Py)](ClO4), released
CO upon irradiation with 365 nm light and showed photoinitiated growth inhibition of
prostate cancer cells.137 Another group of photoCORMs consists of Fe(CO)3 fragments
bound to -systems of unsaturated hydrocarbons, such as norbornadiene, 138
cyclohexadiene, 139140 indenyl141 and cyclopentadienyl.142 The substitution patterns of
these side-on bound unsaturated hydrocarbons influence solubility in aqueous media and
half-lives of CO liberation after irradiation. Photo-activation also initiates CO release from
Mn(CO), derivatives with 2-pyridylphenyl ligands.143 An elegant method to deliver
extremely CO-rich molecular metal complexes can be realized by metallodendrimers. Thus,
a metallodendritic photoCORM was built from an organic dendrimer with 2,2’-bipyridyl end
groups acting as strong bidentate ligands to multiple Mn(CO), fragments.144

Light-triggered CO release might not be a suitable method in most therapeutic applications
and, therefore, other triggers were studied. In chromium complexes of the type [(OC)sCr(L)]
with L as halidel4> or aminoesters146 the rate-determining substitution of L by a solvent
molecule (such as water or DMSQO) induces the CO release process. Similar CO release
mechanisms can be assumed for rhenium(ll)-based CORMs also containing varying
amounts of bromide anions; an exchange of a bromide by a water molecule in the vicinity of
the metal centre also explains the pH dependency of CO liberation.147148 Fyrther, three
iron-based CORMs, [(PaPy3)Fe(CO)](CIOy,), [(SBPy3)Fe(CO)](BF4)2, and
[(Tpmen)Fe(CO)](ClOy),, derived from designed polypyridyl ligands, rapidly release CO
upon dissolution and caused vasorelaxation in a mouse aorta muscle ring preparation.142
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The water soluble [Fe,{u-SCH,CH(OH)CH,(OH)},(CO)g] releases CO via substitution by
cysteamine with minimal cytotoxicity of the CORM itself on two cell lines QSG-7701 and
HepG2.1%0 In addition, the group of Ford discussed an oxidative cascade leading to the
release of further CO from Naz[W(CO)s(tris(sulphonatophenyl)phosphine)] subsequent to
the initial photo-activated CO dissociation (Fig. 7).151

Closely related to the photoCORMs with a Fe(CO)3 moiety bound to an unsaturated
hydrocarbon, cyclohexadiene iron tricarbonyl complexes also represent enzyme-triggered
CO releasing molecules (ET-CORM) if acyloxy side-arms are bound to the side-on bound
unsaturated hydrocarbon.139.140 This substance class has been well studied for many
years.152-154 However, the recently studied use as ET-CORMS is surprisingly convenient. In
the first reaction step the ester group is attacked by an esterase leading to a
cyclohexadienylalcohol ligand (Fig. 8). Complexes that are modified in such a manner
readily decompose under mild oxidative conditions liberating CO. Cytotoxicity and CO-
release activity can be tuned by variation of the acyl group of the n*-bound acyloxy-
cyclohexadiene ligand1® or by addition of additional substituents at this ligand.1%6
However, this esterase-triggered oxidative mechanism was monitored with the myoglobin
assay under reducing conditions maintained by dithionite. A comparable structural motif,
namely a butadiene moiety as part of a six-membered cycle side-on coordinated at a
Fe(CO)3 fragment, stabilises the (n*-pyrone)tricarbonyliron(0) complexes that are capable to
act as CO transfer reagents for the delivery of controlled amounts of CO.157-159 Stronger n-
bases, such as a cyclopentadienide anion, push the electroneutral butadiene base out of the
coordination sphere and lead to a nl-coordination of the pyrone ligand via an oxygen
base.160

In order to study the mode of action in biological tissues, the detection of CORMs16! and of
liberated CO at the disease site (i.e. at the location of CORM degradation) is of utmost
importance (see Section B). Therefore, interactions between CORMs and biologically
relevant scaffolds were structurally investigated. L-histidine can act as a tridentate N,N,O-
ligand at a Mn(CO)3 fragment.162 The reaction of a ruthenium-based CORM of the type
[(OC)3RuL3] with lysozyme yields the formation of an adduct of five [Ru(CO)(H0)4]%*
ions with this enzyme, binding to the histidine and aspartate sites; during formation of this
complex, the majority of the carbonyl ligands was substituted by water molecules.163.164 |n
this adduct the histidine moiety acts as a monodentate ligand completing the octahedral
coordination sphere of the ruthenium ions (Fig. 9).

In light of the potential clinical application of CORMs, the degradation pathway and the
nature of the degradation products is of high interest. The first reaction step is the
dissociation of at least one CO leaving a vacant coordination site. This remaining metal
fragment can either degrade to the metal ions and free coligands as observed for example for
[(OC),Fe(H,NCH,CH,PPh,]2* (CORM-P1)165 or attract another ligand to recomplete the
coordination sphere as discussed for the dithiocarbamate (dtc) complexes [(OC),Mn(dtc)]166
and [(OC)3Fe(Br)(dtc)] binding HPO42~, H,PO,~, halide or water at the free coordination
site.167 Further degradation steps may proceed via oxidative pathways. Thus, manganese(1)-
based mononuclear CORMs were oxidized during step-wise CO release, finally yielding a
dinuclear manganese(l11) complex with a central Mn-O-Mn unit.168 Further oxidation was
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observed for CORMs based on heavier transition metals. Thus, the first reaction steps of the
degradation of [(OC),ReBr4]2~ (ReCORM-1)189 involve several ligand exchange reactions
finally giving the ReO,4~ anion via intermediate [(OC),Re!'(Br)(H,0)3]* and [(OC),Re!(Br)
(H20),(0OH)]™. After CO release and ligand dissociation, cascades followed by oxidation
processes, molybdenum-based CORMs end up as phosphomolybdate [PMo01,040]3; an X-
ray structure determination showed the adduct formation of this anion with lysozyme via a
hydrogen-bridge network.170

Dependent on the pH value of the aqueous solutions the carbonyl ligands can be attacked by
hydroxide ions yielding M-C(O)OH moieties (Fig. 10). There is evidence that [(OC)3Ru(Cl)
(0,CCH,NH,)] acts as a strong acid.1” Thus, this CORM binds OH~ from water and the
remaining protons lead to a pH value of 3. If the resulting anion is titrated with a base until a
nearly neutral pH value of 6 is reached, a doubly charged anion (due to deprotonation of the
Ru-CO,H moiety) or a chloride-free anion (via exchange of the chloride ion by a hydroxyl
ligand) is formed as shown in the middle row of Fig. 10. In alkaline solution (pH = 10) both
reaction patterns are realized yielding the dianion depicted in the bottom row of Fig. 10.171
The mechanisms of CO release from ruthenium(l1)-based CORMs with methoxycarbonyl or
ethoxycarbony! ligands are also known.172 Whereas in this example the oxidation state of
Ru remained 2+, transition metals can adopt several stable oxidation states and the CO
release properties may interfere with the redox chemistry of these metals in aqueous
solution. Mann already mentioned that CORMSs might be able to catalyze Fenton-type
reactions leading to the formation of ROS.25 It is well-known that the pK, values of water
molecules in the vicinity of metal cations differ significantly from free water molecules
easing the formation of metal-bound hydroxidel?3 and influencing the redox behaviour of
the metals.

Thus far, CO-release trigger, solubility in aqueous media, kinetics of CO liberation, toxicity
of the CORM s itself and their degradation products played the major role in the
development of new CORMSs. Recent work attracted also notice to the targeted delivery by
variation of the outer ligand sphere. Thus, peptides can be part of one ligand in order to
support targeted delivery to cellular systems.174-176 |n addition, it can be desirable to
develop fast and slow CO releasers to suit diverse therapeutic applications. In special cases
it can also be advantageous to immobilize the CORMs in order to ease removal of metal-
containing degradation products and/or to control the environment of the metal ions (see the
section CO-releasing materials). Future developments have to combine strategies for
predetermining CO-release properties and for targeted delivery. It is also necessary to
prepare and assess iCORMSs independently to investigate their physiological properties after
CO release.17>177

The recent review by Romao et al. conceptualised elegantly the future CORM design.23
They proposed a model as a tool to help rationalising the design of metal carbonyl CORMs
with the appropriate pharmaceutical properties. As an example, an octahedral geometry with
six ligands surrounding the metal centre was shown (Fig. 11). At least one CO ligand
coordinates to the metal centre. Thermodynamic and kinetic stability of the complex is
provided by chelating ligands and 18 electrons in the valence shell of the central metal atom.
All ancillary ligands display an influence on the electronic density, oxidation behaviour and
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CO release at the metal centre. Thus, the coordination sphere of a given CORM drug
determines resistance to plasma proteins and responds on a specific CO release trigger.
However, a pharmaceutical CORM needs an appropriate pharmacological profile.23 It is
very important to control solubility in aqueous solutions, cellular internalisation, as well as
the pharmacological ADME characteristics, pharmacokinetic profile and targeting to
diseased tissues (ADME is an abbreviation in pharmacokinetics and pharmacology for
absorption, distribution, metabolism, and excretion, and describes the disposition of a
pharmaceutical compound within an organism). The resulting “drug sphere” can be obtained
by modifying the coordinating ligands at their distal sites (Fig. 11). Further, the
pharmaceutical formulation determines which different chemical substances, including the
active CORM, are combined to produce a final medicinal product.178 For example, a tablet
contains a variety of other substances apart from the drug itself, and studies have to be
carried out to ensure that the drug is compatible with these other substances. We further
adapted the conceptual model and come up with five different substituents in the basic
coordination sphere. Carbohydrates and peptides can enhance water solubility,17?
biocompatibility and even biodistribution to certain tissues.174180.181 Morpholino groups
may provide an amphiphilic character to the CORM. Solubility, membrane permeation and
the pharmacokinetic profile may be controlled by terminal charged groups, such as amino,
carboxylate groups and fluorine moieties. In addition, trackable dyes could help to
investigate the metabolism of the CORM in vitro and in vivo.12” Finally, we emphasize that
the coordination sphere, drug sphere and the pharmaceutical formulation “will play a
decisive role in the generation of novel CORM drugs*.23

CO-releasing materials (CORMAS)

As previously shown, metal carbonyl complexes are the most appropriate and successful
class of (soluble) CORMs; however, is also important to evaluate their possible
shortcomings. In fact, very few pharmaceutical drugs are organometallic compounds,122:126
mostly due to side reactivity of metals with biological substances (e.g., nucleophilic and
electrophilic side chains of proteins) and the toxicity of many heavy metals. Systemic
application of water-soluble CORM s results in distribution throughout the body, which can
lead to increased toxicities against healthy tissues. The spatially- and time-controlled release
in the tissue still remains a great challenge.11” Moreover, the CO release process inevitably
generates a metal-coligand fragment, which can potentially have biological activity.
Therefore, metal-coligand fragments should be retained in insoluble matrices. Thus,
development of solid-storage forms of CO in combination with a specific trigger for the gas
release is an important research goal. In addition, macromolecular and nanoscale carrier
systems182 can be utilized to achieve tissue-specific enrichment and delivery of
CORMs.30.183

Hubbell et al. developed CO-releasing micelles with reduced diffusion in tissues and better
ability to target distal tissue draining sites.1%4 The micelles were prepared from triblock
copolymers composed of a hydrophilic poly(ethylene glycol) block, a poly(ornithine
acrylamide) block bearing [Ru(CO)3Cl(ornithinate)] moieties and a hydrophobic poly(n-
butylacrylamide) block.184 CO release from the micelles was induced via addition of
cysteine. It was slower than that of [Ru(CO)3Cl(glycinate)] (CORM-3, Fig. 7); however, the
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micelles attenuated successfully the lipopolysaccharide-induced inflammatory response of
human monocytes. In addition, the toxicity of [Ru(CO)3Cl(amino acidate)] moieties was
significantly reduced by the “stealth” feature of poly(ethylene glycol).104
Ru(CO)3Cl(glycinate) was also covalently attached to an amphiphilic peptide. The small
peptide self-assembled into nanofiber gels and spontaneously released CO occurred with
prolonged release kinetics compared with CORM-3.176

Recently, a novel concept of triggering CORMASs was presented. Biocompatible magnetic
iron oxide nanoparticles have been used as carriers for CORMs. In the proof-of-concept
study the rate of CO release from [RuCI(CO3)(1-DOPA)]@maghemite nanoparticles was
doubled upon exposure to an external alternating magnetic field (31.7 kAm 1, 247 kHz, 25
°C, 39.9 mTesla, DOPA = dioxyphenyl-alaninato, Fig. 12).185

Porous coordination polymers, also known as metal-organic frameworks (MOFs), form
structures with very high inner surface areas and ordered pore channels with sizes.186:187
These features make MOFs highly attractive materials for gas-storage, especially for small
gaseous molecules, such as Hy, CH, and CO,.188.189 \/ery recently, iron MOFs have been
generated for the loading and delivery of CO.1%0 The materials are rapidly synthesized in the
microwave from iron(l11)chloride and terephthalic acid and derivatives thereof (Fig. 13). CO
loading occurs via unsaturated coordination sites shown as empty circles in Fig. 13c. CO
coordination was verified by infrared and Mdssbauer spectroscopy. This novel type of
CORMA shows good biocompatibility and releases CO with tq;, from 38 to 76 min via
degradation of the material under physiological conditions.

Protocols for the covalent immobilization of photoCORMSs28 on nanoparticles have also
been established. These nanocarriers have many potential benefits for diagnosing61 and
treating local and metastatic cancer, following the enhanced permeation and retention
effect.182 [Mn(CO)3(tpm)]* (tpm = tris(pyrazolyl)methane) complexes containing alkyne-
functionalized tpm ligands were used. These complexes were covalently linked to silicon
dioxide nanoparticles and dopable nanodiamonds via the copper-catalyzed azide-alkyne 1,3-
dipolar cycloaddition (Fig. 14).191192 The myoglobin assayl9! demonstrated that the
CORM-functionalized nanoparticles have photoinducible CO-release properties very similar
to the free complexes.28.29

The organometallic fac-Mn(CO)3 fragment was also bound to a methacrylate or
methacrylamide polymer backbone via bis(pyridylmethyl)amine-type ligands. The resulting
Mn(CO)s-polymer conjugates were investigated as photoinducible CO-releasing materials
(photoCORMAS).193 In general, NO- and CO-releasing materials (NORMAs & CORMAS)
with NO and CO photodonors can retain toxic metabolites after gas release in the
biocompatible polymer matrix.1%4 The concept of embedding water-insoluble, photoactive
NO metal complexes into nanoparticles'9 and fibrous polymer non-wovens9 has been
transferred to phototriggerable metal carbonyls (Fig. 15). Effective NO or CO release into
the surrounding medium is initiated by light stimulation of the high surface area materials.
For the generation of NORMAs, novel biscarboxamide rutheniumnitrosyl complexes
{RuUNO}® have been synthesised.197198 For a photoCORMA, Mn»(C0O)1o (CORM-1) was
used.199.200 The metal complexes were non-covalently embedded into the polymer matrices
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via miniemulsion technique2°® or electrospinning.202 Leaching of the metal complexes out
of the polymeric matrices into water was negligible due to their water insolubility.
Irradiation with 4 = 366 — 480 nm in water showed a significant phototriggered NO/CO
release from the nanoparticles or non-wovens. Cytotoxicity tests of the CORMA with 3T3
mouse fibroblast cells in the dark revealed very low cell death. After illumination, CO
bubbled out of the nanofibres thereby eradicating the fibroblast cell culture,199:200

E. CO — where does it go?

The discovery of CO as an endogenous gaseous messenger has triggered intensive research
regarding cellular CO signalling and the design of carrier systems that provide a controlled
release of CO. Despite substantial progress on various levels, there are quite a number of
open questions that need to be addressed, in particular if clinical applications of CO or CO-
releasing molecules and materials are envisioned. Some of such open questions are
discussed in the following.

For understanding the CO-related physiology it will be mandatory to profile the expression
and targeting of haem oxygenases. Because CO signalling is most probably a “local” event,
we need to know in detail (a) the localization of HO, (b) the availability of haem and (c) the
availability of NADPH. Once released via HO activity, what is the fate of the CO molecule?
It is often assumed that CO will immediately find the desired target system, but it is not yet
clear what CO buffer capacity the cellular cytosol provides and, hence, what is the effective
sphere of action of a cytosolic CO molecule? In addition, what is the ultimate destination of
CO? How much is processed in covalent reactions and which fraction is bound to
haemoglobin and is finally cleared from the body via the lungs? Quantitative data are
required to facilitate predictions about CO-related physiological processes.

Except for some haemoproteins, our knowledge on the molecular mechanisms by which CO
affects protein function is still very much limited. Recent examples showing that CO
modulates the function of ion channels, for example, still lack a clear mechanistic insight.
Does an action of CO on a protein always require the presence of a haem group or a
transition metal or are there other modes of CO-protein interactions feasible?

The necessity of CORMs to target specific disease sites and to release CO at a
predetermined time point is obvious. In order to effectively initiate liberation of CO from
metal carbonyl complexes, a variety of CO release triggers is required to fulfil boundary
conditions such as governed CO release via irradiation, enzymatic activation, pH changes,
ligand substitution, temperature, redox reactions and others. Therefore, in some cases it
might be beneficial if CORMs are either hydrophobic or amphiphilic in order to have them
enter the cells or enrich in the membranes, respectively. In addition, different therapeutic
applications might need slow or fast liberation of CO. Specific applications call for
particular CORMs with respect to delivery of the carbonyl complexes at the disease site,
initiation of CO release, interference of the tissues with the metal complexes itself or with
their degradation products. The performance of those CORMs can be further adapted with a
suitable carrier system (e.g. micelle, nanoparticle, fibre, non-woven etc.). Smart materials
that release CO by a trigger and retain degradation products can reach their target via
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specific interactions of materials and cells. In future investigations, the interaction of these
complexes and their degradation products with reactive oxygen species (occasionally
causing Fenton-type chemistry), peptides, amino acids and other biological environments
deserves particular attention. With the development of specific CORMs it is also necessary
to intensify research on real-time detection of physiological levels of CO inside living cells.
New CO sensors must be robust, selective and sensitive in the lower uM range. Furthermore,
rapid response times and a good signal-to-noise-ratio will be required.

Understanding the CO-related physiology is still in its infancy; the currently available
CORMs and CORMAs described are not yet optimized for clinical or experimental
applications. Therefore, physiologists, physicians and chemists must collaborate for a better
understanding of CO in the body and how to utilize CO as a drug.
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carbon monoxide (CO) + Fe*

+ NADP* + H,0 NADP*
HOOC COOH HOOC COOH
haem biliverdin IX bilirubin IX
haemoglobin NADP + O, NADPH + H-
haem oxygenase biliverdin
(HO) reductase

Fig. 1.
Haem degradation. Haem (Fe2*-protoporphyrin 1X), released from haemoglobin (left), is

degraded by the aid of haem oxygenase to carbon monoxide (CO), ferrous ions (Fe2*) and
biliverdin IX. A subsequent step, catalysed by biliverdin reductase, yields bilirubin IX.
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Fig. 2.
CO binding to soluble guanylyl cyclase. Haem coordination by soluble guanylyl cyclase (A,

PDB ID 2009) with unoccupied coordination site, in the presence of NO (B, PDB ID
200C), and in the presence of CO (C, PDB ID 200G). The images were rendered using
MacPyMol v0.99.
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Fig. 3.
A model of the Slo1 BK channel function and the structure. (A) Allosteric model of the Slol

BK channel function.”? The ion conduction gate can be closed or open as specified by the
equilibrium constant L. Each of the four voltage sensor domains could be at rest or activated
as specified by the equilibrium constant J. Each of the Ca2* sensors could be unbound or
bound as specified by the constant K. The model lumps the two Ca?* sensors of each Slo1
subunit into one functional unit. The allosteric interactions are specified by the constants D,
C and E. (B) Structural organization of each of the four Slo1 subunits in a functional Slo1
BK channel (not drawn to scale). Each polypeptide is about 1,100 residues long. (C)
Probable structure of a functional Slo1 BK channel. The grey transmembrane domain is a
homology model based on PDB ID 2R9R and the cytoplasmic domain is from PDB 1D
3NAF. In the cytoplasmic domain, each subunit is shown using a different colour. The Ca%*
ligand residues are displayed using spheres. The images were rendered using MacPyMol
v0.99.
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Fig. 4.
Colourimetric detection of CO via binuclear rhodium complexes. (A) Basic structure of the

complexes (HAc = CH3CO,H). (B) The photograph shows ([Rho{(m-CH3CgH3)P(m-
CH3CgH4)23}2(02CCH3),]-(CH3CO5H),) adsorbed on silica gel in the absence (left) and
presence of 8 ppm (middle) and 2000 ppm (right) of CO. Adapted and reprinted with
permission from ref.110 Copyright 2011 American Chemical Society.
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Fig. 5.

Cc?nfocal microscopy images of the turn-on fluorescent probe for selective CO detection
based on palladium-mediated carbonylation reactivity (COP-1). The organometallic probe is
capable of detecting CO both in aqueous buffer and in living HEK293T cells with high
selectivity. Left: Cells incubated with COP-1 for 30 min. Right: Cells incubated with 50 uM
CORM-3 and 1 pM COP-1. Adapted and reprinted with permission from ref.116 Copyright
2012 American Chemical Society.
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Fig. 6.
The biosensor COSer is composed of yellow fluorescent protein (YFP) as the fluorescent

reporter and CooA, a dimeric haem protein from Rhodospirillum rubrum as the CO
recognition unit. (A) Left: Inactive monomer CooA. Right: Active CO binding to CooA
induces a conformational change. (B) Upon CO binding, the C helix of CooA is broken into
two parts (“C helix a” and “C helix b”) connected by residues 132 to 134. (C) COSer
contains YFP inserted by two short linkers between residues 132 and 133 in each CooA
monomer. The resulting structural change upon CO binding to CooA induces an increase in
fluorescence of the probe. Reprinted with permission from ref.11> Copyright 2010 Wiley-
VCH.
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Selection of metal-based CO-releasing molecules (CORMS).
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Degradation and CO liberation from acyloxycyclohexadiene tricarbonyliron complexes
(enzyme-triggered CORMs, ET-CORMs).155.156

+ Fe¥* + 3CO
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Fig. 9.
Structure of hen egg white lysozyme bound to Ru fragments derived from fac-

[Ru(CO)3Cl5(1,3-thiazole)]. Four amino-acid residues (His15, Asp18, Asp101 and Asp119)
interact with five ruthenium atoms. Adapted and reprinted with permission from ref.164
Copyright 2012 Elsevier.
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Proposed pH-dependent interaction of CORM-3 with bases. The attack of a hydroxide ion at
a carbonyl ligand results in a hydroxycarbonyl moiety; at higher pH values the acyl group
can be deprotonated or the chloride ion substituted by an OH group. The suggested final
species combines both possible interaction pathways at alkaline conditions.171
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Conceptual model for the development of pharmaceutical CORMs (adapted from Romao et

al.).3
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Fig. 12.
Schematic presentation of induced CO-release from CORM-functionalized iron oxide

nanoparticles through an alternating magnetic (AC) field. Tri(carbonyl)-chlorido-
dihydroxyphenylalaninato-ruthenium(ll) displays an immobilised analogue of CORM-3.
Adapted and reprinted with permission from ref.185 Copyright 2013 RSC Publishing.
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Fig. 13.
Metal-organic frameworks (MOFs) with iron for the loading and delivery of CO. (A, B)

Scanning electron microscope (SEM) pictures of crystals of Fe MOF with terephthalic acid.
(C) Structure of Fe MOF, as viewed along the ¢ axis. Empty circles represent the
coordination sites for CO, iron atoms: light-gray spheres, oxygen atoms: gray spheres, and
carbon atoms: black spheres. Adapted and reprinted with permission from ref.1%0 Copyright
2013 Wiley-VCH.
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Fig. 14.

[I\/glln(CO)g,(tpm)]+ (tpm = tris(pyrazolyl)methane) complexes containing alkyne-
functionalized tpm ligands covalently attached to dopable nanodiamonds9 and silica
nanoparticles.1®2 The corresponding transmission electron microscope (TEM) pictures are
also shown (bars indicate 50 nm). Adapted and reprinted with permission from ref.191.192
Copyright 2011 American Chemical Society and 2012 RSC Publishing.
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Fig. 15.
Concept of embedding water-insoluble, photoactive NO and CO metal complexes into

fibrous polymer non-wovens and nanoparticles. The NORMAs and CORMAs are important
for the development of safe NO and CO delivering devices for therapeutic purposes; toxic
metabolites after gas release are retained in the biocompatible polymer matrix,197-200
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