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Abstract——Carbon monoxide (CO) has been firmly
established as an endogenous signaling molecule with
a variety of pathophysiological and pharmacological
functions, including immunomodulation, organ pro-
tection, and circadian clock regulation, among many
others. In terms of its molecular mechanism(s) of ac-
tion, CO is known to bind to a large number of hemo-
proteins with at least 25 identified targets, including
hemoglobin, myoglobin, neuroglobin, cytochrome c
oxidase, cytochrome P450, soluble guanylyl cyclase,
myeloperoxidase, and some ion channels with dissoci-
ation constant values spanning the range of sub-nM to
high (M. Although CO’s binding affinity with a large
number of targets has been extensively studied and
firmly established, there is a pressing need to incorpo-
rate such binding information into the analysis of CO’s
biologic response in the context of affinity and dosage.
Especially important is to understand the reservoir
role of hemoglobin in CO storage, transport, distribu-
tion, and transfer. We critically review the literature
and inject a sense of quantitative assessment into our
analyses of the various relationships among binding

affinity, CO concentration, target occupancy level, and
anticipated pharmacological actions. We hope that
this review presents a picture of the overall landscape
of CO’s engagement with various targets, stimulates
additional research, and helps to move the CO field in
the direction of examining individual targets in the
context of all of the targets and the concentration of
available CO. We believe that such work will help the
further understanding of the relationship of CO con-
centration and its pathophysiological functions and
the eventual development of CO-based therapeutics.

Significance Statement——The further development
of carbon monoxide (CO) as a therapeutic agent will
significantly rely on the understanding of CO’s en-
gagement with therapeutically relevant targets of
varying affinity. This review critically examines the
literature by quantitatively analyzing the intricate re-
lationships among targets, target affinity for CO, CO
level, and the affinity state of carboxyhemoglobin and
provide a holistic approach to examining the molecu-
lar mechanism(s) of action for CO.

I. Introduction

Carbon monoxide (CO) is widely known to the gener-
al public as a poisonous gas. However, research in the
last few decades has firmly established CO as an endog-
enous signaling molecule (Ingi and Ronnett, 1995;
Friebe et al.,, 1996; Siow et al., 1999; Boehning and
Snyder, 2002; Morse et al., 2002; Ryter et al., 2002; Bil-
ban et al., 2008; Piantadosi, 2008; Olson and Donald,
2009; Wang et al.,, 2009; Farrugia and Szurszewski,
2014; Choi et al., 2016; Wood, 2016; Kim et al., 2017;
Klemz et al., 2017; Correa-Costa et al., 2018; Joe et al.,
2018; Minegishi et al., 2018; Chen et al., 2019a; Rah-
man et al., 2019; Stucki et al., 2020b; Park et al., 2021)
produced largely from heme oxygenase (HO)-mediated
degradation of heme with biliverdin/bilirubin and Fe?*

as accompanying products in stoichiometric ratios
(Wang, 2001; Wang and Otterbein, 2022). There are two
isoforms for HO, HO-1 and -2, with HO-1 being induc-
ible and HO-2 being constitutive. Further, results from
a large number of studies have clearly demonstrated a
range of physiologic roles for CO with importance on
par with that of nitric oxide (NO) and hydrogen sulfide
(HyS) (Wang and Otterbein, 2022). Incidentally, CO,
NO, and H,S are collectively referred to as gasotrans-
mitters because they are gaseous molecules at room
temperature, although they largely exist in dissolved
and/or bound forms in vivo. It is also widely recognized
that CO is a very promising molecule for developing
therapeutics with a range of therapeutic indications, in-
cluding anti-inflammation, cytoprotection, analgesia, or-
gan protection, anticancer, and organ preservation

ABBREVIATIONS: AdoMet, adenosylmethionine; Akt, protein kinase B; Bcl-2, B-cell lymphoma 2; BK,, large-conductance calcium-acti-
vated potassium; BMAL1, brain and muscle Arnt-like protein 1; CBS, cystathionine f-synthase; CD, cluster of differentiation; CLOCK, cir-
cadian locomotor output cycles kaput; CNS, central nervous system; CO, carbon monoxide; COHb, carboxyhemoglobin; CORM, CO-
releasing molecule; CO-T, target CO saturation; COX, cytochrome c oxidase; Cry, cryptochrome; CSE, cystathionine gamma-lyase; CYP450
or P450, cytochrome P450; cyt ¢, cytochrome c; 2/3/4-D, two/three/four-dimensional; DEPC, diethyl pyrocarbonate; DOX, doxorubicin; EPO,
erythropoietin; GCL, glutamate cysteine ligase; GS, GSH synthetase; GSH, glutathione; GSSG, oxidized glutathione; Hb, hemoglobin;
HBD, heme-binding domain; HBM, heme-binding motif; HBP, heme-binding peptide; HEK, human embryonic kidney; HIF-1, hypoxia-in-
ducible factor 1; H-NOX, heme nitric oxide/oxygen binding; HO, heme oxygenase; HyS, hydrogen sulfide; iCORM, inactivated CORM; IDO,
indoleamine-pyrrole dioxygenase; IRI, ischemia reperfusion injury; Karp, ATP-sensitive K*; Ky, dissociation constant; Keapl, Kelch-like
ECH-associated protein 1; K;, inhibition constant; k¢, dissociation rate constant; k,,, association rate constant; Kv, voltage-gated potassi-
um; Kyn, kynurenine; LDL, low-density lipoprotein; L-NAME, N(G)-nitro-L-arginine methyl ester; LPS, lipopolysaccharide; MAPK, mito-
gen-activated protein kinase; Mb, myoglobin; MbO,, oxymyoglobin; MetHb, methemoglobin; MetMb, metmyoglobin; NF-xB, nuclear factor-
kappaB; Ngb, neuroglobin; NO, nitric oxide; NOS, NO synthase; NPAS2, neuronal PAS domain protein 2; Nrf2, nuclear factor erythroid-re-
lated factor 2; PAS, Per-Arnt-Sim; PBD, Protein Data Bank; PDE, phosphodiesterase; PEG-SOD, polyethylene glycol-superoxide dismut-
ase; Per, period; PFKFB3, phosphofructokinase/fructose bisphosphatase type 3; PKA, protein kinase A; PKG, ¢cGMP-dependent protein
kinase; PLP, pyridoxal phosphate; pO,, partial pressure of oxygen; PPP, pentose phosphate pathway; R state, high-affinity relaxed state;
RBC, red blood cell; redox, oxidation-reduction; ROS, reactive oxygen species; SAH, subarachnoid hemorrhage; sGC, soluble guanylyl cy-
clase; SUR2A, sulfonylurea receptor 2A; T state, low-affinity taut (tense) state; TGF, tubuloglomerular feedback; TLC, thin-layer chroma-
tography; TNF-o, tumor necrosis factor alpha; WT, wild-type; YC-1, lificiguat.
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(Motterlini and Otterbein, 2010; Chen et al., 2019b;
Yang et al., 2020c, 2021a; Wang and Otterbein, 2022).
Specificallyy, CO has been shown to have pharma-
cological efficacy in animal models of kidney injury
(Faleo et al., 2008; Nakao et al., 2008; Goebel et al.,
2010; Abe et al., 2017; Correa-Costa et al., 2018; Tagu-
chi et al., 2020; Yang et al., 2020b; De La Cruz et al.,
2021), heart ischemia-reperfusion injury (Fujisaki et al.,
2016; Wollborn et al., 2020; Dugbartey et al., 2021), liv-
er injury (Kaizu et al., 2005; Ikeda et al., 2009; Zheng
et al., 2018; Chen et al., 2019b; Murokawa et al., 2020),
lung injury (Kohmoto et al., 2006; Kohmoto et al., 2008;
Sahara et al., 2010; Tripathi et al., 2021), chemically in-
duced gastric injury (Bakalarz et al., 2021), colitis (He-
gazi et al., 2005; Naito et al., 2012; Joe et al., 2014; Ji
et al., 2016; Nagao et al., 2016; Steiger et al., 2016; Ta-
kagi et al., 2018), and chemotherapy-induced cardiotox-
icity (Suliman et al.,, 2007), among many other
examples. The signaling mechanisms at the pathway
level have been extensively studied and well established
in the context of various pharmacological functions
(Wang, 2001; Wang and Otterbein, 2022).

For examples, in cell culture, ~5%—-10% CO gas has
been shown to suppress the activation and DNA binding
of hypoxia-inducible factor 1 (HIF-1) (Liu et al., 1998b;
Huang et al., 1999). However, under normoxic condi-
tions, 0.1% CO gas induced accumulation of HIF-1o in
rats brains, presumably due to CO-induced anoxia (Bani
Hashemi et al., 2008). In mouse hepatic ischemia/reper-
fusion injury models, inhalation of 250 ppm CO gas was
found to induce phosphorylation of protein kinase B
(Akt) in liver cells, thus inhibition of glycogen synthase
kinase f (GSK3p) through phosphorylation to offer cyto-
protective effect (Kim et al., 2013). Along the same line,
CO treatment was shown to protect against apoptosis
by upregulating the p38 mitogen-activated protein ki-
nase (MAPK) and phosphoinositide 3-kinase (PI3K)/
Akt-dependent signal transducer and activator of tran-
scription 3 (STAT3) pathways in an in vitro anoxia/reox-
ygenation cell culture model using rat pulmonary
endothelial cells (Zhang et al., 2005). Along the MAPK
pathway, inhalation of 550 ppm CO in an isogeneic rat
lung ischemic injury model suppressed extracellular sig-
nal-regulated kinase (ERK) activation, early growth re-
sponse 1 (Egr-1) expression and Egr-1/DNA binding,
thus interrupting proinflammatory and prothrombotic
mediators (Mishra et al., 2006). In human monocytic
THP-1 cells, the activation of p38 MAPK, ERK1/2, and
Akt pathway caused transitory delay in lipopolysaccha-
ride (LPS)-induced c-Jun N-terminal kinase (JNK) acti-
vation. Phosphorylation and degradation of IxBa
induced by LPS treatment was also blocked by CO,
thereby inhibiting nuclear factor-kappaB (NF-«B) sig-
nal transduction. It was shown that about 81% of the
genes that can be suppressed by CO have promoters
with putative NF-«B binding sites, demonstrating a
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broad inflammatory response suppression activity of
CO (Chhikara et al., 2009). In the autophagy pathway,
inhalation of 250 ppm CO gas for 2 hours in a mouse
liver injury model was found to induce expression of the
E3 ligase Parkin in hepatocytes via the protein kinase
RNA-like ER kinase/eukaryotic translation initiation
factor 20 (PERK/elF2x) pathway. Parkin could target
damaged mitochondria to proteosome degradation (mi-
tophagy), leading to liver protective effects (Chen et al.,
2019b). Inhibition of inflammatory cytokines has been
widely established as one of CO’s immunomodulatory
roles (Sahara et al., 2010). A book comprehensively cov-
ers the pharmacological roles of CO in various areas
(Wang and Otterbein, 2022). Along this line, there have
been some excellent studies that have firmly estab-
lished the relationship between molecular targets and
events at the pathway level. These studies are dis-
cussed in pertinent sections.

As indicated by its manifold therapeutic functions,
CO can bind with multiple targets. This contrasts with
the functions of most traditional drugs or signaling
molecules, which often tend to act on a single or a
small number of targets with high selectivity. Together
with the pleiotropic effects of CO come some unique
therapeutic properties, including those that seem to of-
fer bidirectional controls of certain activities, graded
regulation of signaling processes, balanced moderation
of therapeutic effects, and “synthetic pharmacology” or
“synthetic lethality.” For example, Otterbein reported
CO’s effect in enhancing the host’s ability to fight off
infection while simultaneously offering anti-inflamma-
tion effects (Wegiel et al., 2014). CO’s demonstrated ef-
fects in treating experimental sepsis is similar in that
it is anti-inflammatory without the negative effect on
the host’s ability to fight off infection (Nakahira and
Choi, 2015). In cancer chemotherapy, it has been re-
ported that CO is able to sensitize cancer cells toward
chemotherapy through an anti-Warburg effect while si-
multaneously offering protection of normal cells and
host organs (Suliman et al., 2007; Wegiel et al., 2013).
Very few known drugs or biologically active agents, if
any, have this diverse and divergent type of activities
that are sometimes seemingly bidirectional. Such prop-
erties are very interesting, intriguing, and important
from the perspective of developing therapeutics and
understanding CO’s physiologic roles.

All of these unique properties of CO beg the question
of the underlying molecular mechanism(s). A key in dis-
cussing the molecular mechanism(s) of action of CO is
the recognition of its ability to bind certain transition
metals with high affinity. It is well known that there is
a large number of heme-containing proteins (i.e., hemo-
proteins) in mammals, including enzymes (Poulos,
2014), proteins for transport and storage (Gell, 2018),
iron-regulatory proteins (Nishitani et al., 2019), sensors
(Gilles-Gonzalez and Gonzalez, 2005), transcription
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factors (Mense and Zhang, 2006), ion channels (Wang,
2017; Kapetanaki et al., 2018), and others (Smith et al.,
2010; Li et al., 2011; Hada et al., 2014). Over the years,
many hemoprotein targets for CO have been identified
and extensively studied by a long list of remarkable re-
searchers (Yang et al., 2021a). At this time, there are no
fewer than 25 confirmed molecular targets for CO
(Table 1). At this time, there has not been a nonhemo-
protein identified as the direct molecular target of CO in
mammals, though nonhemoprotein targets may exist in
bacteria (Hopper et al., 2020). With so many known tar-
gets come the question: how does CO engage with 25 or
more targets in the body and achieve its therapeutic ef-
fects while at the same time avoid significant side effects
and toxicity at a given dosage? Does CO engage with all
of the targets at the same time? If so, is there a net-
work-like effect? If not, what are the factors that allow
CO to select among a large number of targets? Such
questions are not always as clearly defined in conduct-
ing cellular or biochemical experiments when not all of
the target(s) exist in a particular model and/or when CO
is supplied in ample quantity to allow for engagement of
even some low-affinity target(s). Further, the effect
against any individual target needs to be considered in
the context of all of the other targets when the experi-
ments are done in vivo.

Fortunately, there has been tremendous and heroic
work in identifying and studying the various molecular
targets for this promiscuous CO molecule, including
determining the binding constants and on-off rates for
CO against these targets. In this review, we discuss
the various molecular targets that have been reason-
ably established and provide a simplified but quasi-
quantitative perspective of the biochemical landscape
of CO target engagement. In Fig. 1, we show the gen-
eral landscape of the binding affinities of CO with vari-
ous identified targets and the two affinity states of
hemoglobin (Hb), which is the carrier of CO for its dis-
tribution to various parts of the body in the form of
carboxyhemoglobin (COHb), in addition to the dis-
solved form (Levitt and Levitt, 2015; Wang et al., 2020;
Yang et al., 2021b). In understanding CO’s pharmaco-
kinetic behaviors and its availability, Hb plays a reser-
voir role through binding with CO, similar to albumin
to small-molecule drugs. Therefore, we feel that it is
critical to keep in mind the relative CO affinity for Hb
and various targets in analyzing target engagement
and their relative CO occupancy levels. It is our cen-
tral view that only transferring CO from a low-affinity
complex to a high-affinity target is an energetic favor-
able and thus pathophysiologically meaningful process.
All of these are intuitive descriptions of thermodynam-
ic laws governing binding processes, which dictate that
transferring CO from COHb to a target is an energeti-
cally favorable process only when the target has a low-
er dissociation constant (Kg) (higher affinity) for CO

Yuan et al.

than COHb. Before detailed discussions of target en-
gagement in subsequent sections, we briefly layout the
landscape in terms of binding affinity. The affinity of
Hb for CO ranges from 0.7 nM to 4.5 uM in terms of
Ky, depending on the location, oxygen saturation level,
pH, and sometimes presence of other ligands. The af-
finity of CO for various targets has a much wider
range: from 0.2 nM for neuroglobin (Ngb), 29 nM for
myoglobin (Mb), 1.4-10 uM for cytochrome P450
(CYP450 or simply P450), to 240 uM for the soluble
guanylyl cyclase (sGC) (Fig. 1).

In the following sections, we aim to examine the
various identified targets by considering their molecu-
lar nature, physiologic, and pharmacological implica-
tions of binding with CO and established affinity for
CO. As such, targets are not considered in isolation.
Whenever possible, target engagements are evaluated
in the context of CO levels, binding affinity, and the
possible effects of patho/physiologic conditions, when
relevant. We hope that these types of analyses will al-
low us to understand target engagement both individ-
ually and in the context of possible involvements of
other targets.

II. General Considerations in Examining the
Molecular Targets of CO

In examining the molecular targets of CO, there are
a few very important general factors to consider. First
is the chemical nature of the molecular targets. As one
of the smallest organic molecules, CO seems to be too
small to occupy a “binding pocket” of a protein in a tra-
ditional sense; essentially all known targets have a met-
al-containing moiety that allows for CO binding. This is
also the general expectation for future identification of
additional targets. Known targets in mammals are
largely, if not exclusively, Fe?*-based. There have been
extensive studies of CO’s affinity for iron (Collman
et al., 1976, 1979; Calderazzo, 2006). Therefore, such
discussions are not duplicated here. Though binding of
CO to a target is largely driven by its affinity to Fe?",
the native ligand that is attached to the iron center
makes a significant difference in terms of the binding
affinity for CO. Among the large number of iron-con-
taining proteins, hemoproteins occupy a very special
place because of their large number and diverse func-
tions (Reedy et al., 2008; Lin, 2015), including oxygen
transport (e.g., hemoglobin or Hb) (Berg et al., 2002;
Gell, 2018), electron transfer (Sarewicz and Osyczka,
2015; Chong et al., 2018), chemical catalysis (Guenger-
ich et al., 2016; Manikandan and Nagini, 2018; Tornio
and Backman, 2018; Borisov and Siletsky, 2019), circa-
dian clock control (Carter et al., 2017; Klemz et al,,
2017; Minegishi et al., 2018), protein degradation ( Ishi-
kawa et al., 2005a; Zenke-Kawasaki et al., 2007; Elton
et al., 2015; Carter et al., 2016; Nishitani et al., 2019),
signaling and regulation of transcriptional events (Alam
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Molecular Mechanisms of CO-Mediated Signaling

K, values for binding between CO
and hemoproteins

@ Eé 240 uM

0.3-10 uM

CO may "flow" or transfer
from COHb to hemoprotein

831

Kd values for binding between CO and
hemoglobin in different states

4

at the capillary bed
(peripheral tissues):
low p02
low pH

targets when
Kd.larger < Kqnp

in the arterial
blood vessels

Fig. 1. Elephant in the dark no more: the binding affinities of CO toward various targets in biologic systems. Various hemoproteins with different
binding affinities to CO shown as the K  on the left scale in the elephant figure, and they are also placed on top of the mountains with the height repre-
senting their K4 values. The Kj for binding between CO and hemoglobin in the T state and R state, respectively, is marked on the right scale in the fig-
ure and overlaid on the waterfalls. As water naturally flows to a lower level than that of the waterfall, CO is more likely to transfer from hemoglobin
to a hemoprotein target with a higher binding affinity (lower Ky) on the left side.

et al., 2004; Elton et al., 2015; Zhou et al., 2016; Fleisch-
hacker et al., 2018; Nishitani et al.,, 2019; Shimizu
et al., 2019), protein posttranslational modification (Lin,
2015; 2018), ion channel regulations (Faller et al., 2007;
Barr et al., 2012; Weitz et al., 2014; Hines et al., 2016),
and microRNA processing (Faller et al., 2007; Barr
et al.,, 2012; Weitz et al., 2014; Hines et al., 2016).
Among all of these functions, there are overlaps and
crosstalks (i.e., they are clearly not all discrete process-
es). Though the number of iron-containing molecules is
large, the oxidation state of the iron center is important
and thus limits the number of targets among iron-
containing proteins. For example, most peroxidases cy-
cle between Fe(III) and Fe(IV) (Dunford, 2010), whereas
various oxidases involved in mitochondrial oxidation-
reduction (redox) reactions, such as cytochrome c oxi-
dase, cycle between Fe(II) and Fe(III) (Michel, 1999;
Alonso et al., 2003).

The second question is whether there is discrimina-
tion in CO binding to various metal-containing pro-
teins. Even with all of the limitations stated above,
the number of potential targets for CO is still large.
However, it is very important that we do not view all
of the heme- or metal-containing proteins as a simple
list of equal molecular targets with which CO would
interact. In examining the interplays among the vari-
ous targets, it is essential that we do so in the context
of the relative affinity of these targets for CO. Ques-
tions have been raised as to whether CO would inter-
act with all of the hemoproteins indiscriminately
upon exposure. The answer is an unequivocal “No.”

The relative affinity varies by at least six orders of
magnitude among all of the identified targets for CO.
For example, the Ky in binding with CO is 0.2 nM for
Ngb, 0.7 nM for the f-subunit of the high-affinity re-
laxed state (R state) of Hb, 1.4-10 uM for certain
forms of cytochrome P450 and 240 uM for sGC. There-
fore, under nonsaturating and physiologic conditions,
the high affinity of Hb for CO and its high abundance
(mM range) almost certainly mean that very little CO
would partition to sGC. Having a good understanding
of the relative affinity of the various targets will help
to delineate a seemingly complex problem for CO’s bi-
ologic activity: the availability of a large number of
potential targets. There is one section below specifi-
cally devoted to this topic. In discussing specific mo-
lecular targets for CO in detail in the respective
sections, we also relate bioactivity with affinity infor-
mation whenever applicable. It also needs to be noted
that CO binding of the most abundant form of hemo-
protein, Hb, is cooperative and is influenced by a
large number of factors; there is no single model for
describing the binding cooperativity that experts
agree upon (Yuan et al., 2015; Gell, 2018). Therefore,
the discussion of “CO partitioning” between Hb and
other hemoproteins in a quantitative manner will
need to take various factors into consideration.

Third, because of the special role of heme in CO-
related functions, it is worth some effort to briefly de-
scribe heme and hemoproteins. Heme as a prosthetic
group consists of a ferrous iron chelated in the center
of the porphyrin molecule. The heme complex binds
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with molecules with lone pair or unpaired electron
such as Oy, CO, NO, and cyanide. A histidine moiety
in the heme-binding domain (HBD) that coordinates
with the ferrous center of the heme is conserved
among all hemoproteins, thus making the ferrous
iron five-coordinated. The structural property of distal
side of the heme from the coordinated His contributes
to the selectivity in small-molecule binding. A hydro-
phobic apolar environment prevents binding of polar
molecules such as HyO, H,S, and cyanide and vice ver-
sa. Steric hinderance can cast a stringent influence on
the binding selectivity of small molecules depending on
the shape of their molecular orbitals and consequently
binding orientations. Before binding, the five-coordinat-
ed heme molecule adopts a “domed” shape owning to
the His coordination. Since the porphyrin ring of heme
binds with the host protein through other interactions,
the conformation is such that favors this “domed” heme.
Upon binding with a sixth ligand, the ferrous iron
adopts an octahedral geometry that “pushes” the iron
back to the porphyrin plane (Fig. 2). This conformational
change, though seemingly minor, can trigger further con-
formational changes of the host protein through amplifica-
tion via structural variable domains such as a hinge-like
structure. These conformational changes induce protein
functional changes such as catalysis inhibition/enhance-
ment, phosphorylation/dephosphorylation, dimerization/
polymerization, and protein-protein interactions, among
others, to pass on to downstream pathways. This efficient
biomolecular switch machinery is ubiquitously adopted by
living organisms from bacteria to mammals.

The fourth factor to consider is the effect of other
signaling molecules on CO binding to its target. For
example, steroid is known to affect CO binding to
P450 (Tuckey and Kamin, 1983). In discussing mecha-
nistic questions related to CO, it is also very impor-
tant to examine this in the context of the presence
and concentration of two other gaseous signaling mol-
ecules: nitric oxide (NO) and HyS. The promiscuity of

Heme binding domain

(Hinge)

Yuan et al.

CO, NO, and H,S in binding with hemoprotein tar-
gets is arguably among the most complex in terms of
direct “crosstalks” of different signaling molecules.
Further, binding of NO and sulfide to an iron center
can be at a different redox state from that of CO. NO
binds to heme at both the ferric and ferrous states;
H,S binds at the ferric state; and CO only binds at
the ferrous state of heme. Therefore, these three gaso-
transmitters sometimes provide synergistic effects,
whereas other times they may seem to antagonize
each other depending on their relative concentrations,
affinities, and magnitude and nature of their pharma-
cological responses. Mechanistic studies will need to
consider all of these factors. In Table 1, we also in-
clude the affinity of various targets for the other two
gasotransmitters whenever possible to present a pic-
ture of the competitions in CO binding.

The fifth important factor to consider in studying
CO’s mechanism is its source. Ideally, CO gas is the
purest form of this molecule without other interference.
However, CO gas is difficult to handle, with issues in-
volving the risk of gas leaks, difficulty in controlling
dosage, and the need for special apparatus. Therefore,
different CO delivery forms have been developed. Initial
efforts include those of Motterlini and Mann by using
CO-immobilized on a metal center as CO-releasing mol-
ecules (CORMs) as well as using Hb as a carrier (Mot-
terlini et al., 2002; Motterlini and Otterbein, 2010;
Mann, 2012; Garcia-Gallego and Bernardes, 2014; Hei-
nemann et al., 2014). Later efforts by others expanded
to CORMs capable of triggered release of CO by light
(Niesel et al., 2008; Jackson et al., 2011; Jimenez et al.,
2016; Daniels et al., 2019; Kawahara et al., 2019a) and
enzyme (Romanski et al., 2011; Sitnikov et al., 2015);
encapsulated or conjugated CORMs to minimize metal
exposure (Briickmann et al., 2011; Steiger et al., 2016,
2017; Wollborn et al., 2018); and organic CORMs, which
are photo-sensitive (Poloukhtine and Popik, 2006; Anto-
ny et al., 2013; Peng et al., 2013; Palao et al., 2016;

Catalytic domain

Big conformational changes

Fig. 2. Schematic demonstration of how small conformational changes to the heme upon binding with CO leverage big changes to the catalytic domain and
thus its substrate selectivity and catalytic activity. The transformation of the five-coordinated heme into a six-coordinated heme pulls the histidine imidazole
side change toward the heme plane, thus causing conformational changes that can be transduced to larger conformational changes of the functional domain

(catalytic domain in this case) of the hemoprotein.
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Popova et al., 2018; Soboleva and Berreau, 2019). Re-
cently, we (Wang et al., 2014; Ji and Wang, 2018; De La
Cruz et al., 2021; Yang et al., 2021b, 2022b) and others
(Kueh et al., 2017) have developed organic prodrugs ca-
pable of CO release under physiologic conditions with-
out the need for light and with characteristics of
tunable release rate (Ji et al., 2016; Pan et al., 2017),
triggered release (pH, reactive oxygen species, and en-
zyme) (Ji et al., 2017a,b,c; 2019a,b; Pan et al., 2018), de-
livering two payloads from a single prodrug (De La
Cruz et al., 2018; Ji et al., 2019a), and organelle target-
ing (Zheng et al., 2018). There have been recent reviews
on these subjects (Ji and Wang, 2018; Kueh et al., 2020;
Yang et al., 2020c). Therefore, the donor chemistry is
not discussed in detail here. However, one thing that is
worth discussing is the recent findings of the chemical
reactivity of some widely used CORMs, including
CORM-2 and CORM-3 (Dong et al., 2008; Santos-Silva
et al., 2011a,b; Nielsen and Garza, 2014; Wareham
et al., 2015; Nobre et al.,, 2016; Gessner et al., 2017;
Southam et al., 2018, 2021; Juszczak et al., 2020; Niel-
sen, 2020a,b; Nielsen et al., 2020; Rossier et al.,
2020; Stucki et al., 2020a; Yuan et al., 2020, 2021a,b)
(Fig. 3). Such reactivities cannot be duplicated with the
commonly used negative controls: spent CORMsS, or in-
activated CORMS (iCORMs). Therefore, these CORMs
may have activities of their own that have little to do
with their ability to deliver CO. Such factors need to be
considered in examining the various mechanistic issues,
especially at the cell culture and animal model levels.

The sixth factor to consider is the abundance/high
concentration of CO often used in cell culture studies,
including mechanistic studies. When CO level is much
higher than what can be achieved in an in vivo environ-
ment, the concept of concentration dependency is lost.
Then caution is needed in extrapolating findings from
cell culture studies to therapeutic relevance in vivo.

Seventh, endogenous CO production may provide
transiently high local concentrations of CO, which al-
lows for engagement of low-affinity targets. This point
is especially important when CO production and tar-
get binding are faster than diffusion from the produc-
tion site. This might be the case in parts of the
central nervous system (CNS) as discussed in section
IV.C (Neuroglobin and Cytoglobin).

Eighth, some delivery approaches may leave a substan-
tial amount of CO dissolved in the blood (as “free” CO)
for a long enough period of time (min) to allow for en-
gagement of low-affinity targets in various organs and/or
oc, (!:O.\CI., T’I €O puso Cl :S‘r.vgz cl., jsfdt;z
N oc” \u\co

SOMe;
Complex B
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’Ru Yy, ™\ U
oc” | N | Yco 4y oc co
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CORM.-2 Complex C
Fig. 3. Structures of CORM-2 and CORM-3. For CORM-2, studies
showed that incubation in DMSO leads to iCORM-2, a mixture of three
complex species (Seixas et al., 2015). For CORM-3, there is no definitive
structure(s) for iCORM-3 after incubation in aqueous solution.
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peripheral tissues, which would otherwise seem to be
hard when analyzed in the context of CO transfer from
COHb to the target. Such nonequilibrium conditions may
arise due to kinetic barriers to distribution and binding
and may allow for direct engagement of a cellular target
without the need to transfer CO from COHb. There is one
recent publication that examines this issue in detail (Yang
et al., 2021b). For the purpose of this review, the analysis
is limited to the partition between COHb and a given tar-
get under quasi-equilibrium conditions and may only rep-
resent a “snapshot” under a given set of conditions.

We list all of these factors with the hope of stimu-
lating additional work to fully understand the specific
implications of each factor individually and holistical-
ly. Below we discuss some major known molecular
targets of CO by considering their affinities for CO
and biologic functions.

II1. A Bird’s-Eye View of the CO Target
Collection: Its Landscape and Topography

To us, the most fascinating aspect of CO’s physio-
logic roles is its pleiotropic effects and the multiplicity
of known molecular targets. As such, CO signaling
seems destined to be much more convoluted than
those that have a single molecular target. Or is it nec-
essarily the case? A critical issue in examining the
pleiotropic effects of CO and its associated molecular
targets is the relationship among all of the targets.
Would CO engage all of the targets equally and at the
same time? If so, that would surely be very complicat-
ed in terms of the outcome. If not, then what controls
target engagement? In studying the molecular target
of a given compound, often a reductionist approach is
the first step in gaining critical understandings the
mechanism(s) of action in detail. Such information
forms the foundation of our understanding of CO’s
role at the whole organism level. However, often stud-
ies of various targets were done independently of
each other. Biochemical and cellular studies often
supply ample amounts of CO in such a way that the
concentration relevance of the study is lost. For going
beyond individual molecular targets, it is important
to take a holistic approach so that the intertwined re-
lationships among the various targets are at least
part of the consideration. Then, it would allow us to
see both the individual “trees” as well as the “forest.”
Here we would like to present the “forest” before we
discuss individual “trees.” Metaphorically speaking,
seeing the “forest” would allow us to begin to unveil
the concealed elephant as in the fable of “Elephant in
the Dark,” which describes the incomplete descrip-
tions of an elephant by those who only touch one part
of the elephant in the dark without seeing the subject
in its entirety (Rumi and Whinfield, 2004).

Figure 1 shows some major targets arranged in the or-
der of their Ky values in binding with CO. At this point,
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it is important to note that, generally speaking, carbon
monoxide exists in the form of carbonylhemoglobin, also
known as carboxyhemoglobin (COHb), in the blood. Or
at least, this is the form that one can use in examining
the binding competition between Hb and the target. This
is also considered the major form of CO transportation
through the systemic circulation. Carbon monoxide dos-
age and pharmacokinetic studies use concentrations of
COHDb as the key parameter (Levitt and Levitt, 2015;
Wang et al., 2020). Reported COHb levels vary widely
depending on study subjects, analytical methods, and
whether it is banked or fresh blood. Normally, COHb
concentrations are less than 2%. However, smokers can
get up to 14% or higher COHb, though this number is
typically below 9% (Goldman, 1977; Mitchell, 1979; Hart
et al., 2006; Eichhorn et al., 2018; Meuli et al., 2020;
Supervia et al.,, 2021). With such information as the
background, target occupancy needs to consider the ex-
change of CO between a target and Hb. As a result,
their relative affinity becomes an important, if not criti-
cal, consideration. It goes without saying that transfer-
ring CO from COHDb to a target with a higher affinity
(lower Ky) is an energetically favorable process, at least
thermodynamically. In Fig. 1, competition for CO is rep-
resented as a “downhill” process. This is the case in
transferring CO to neuroglobin, cytoglobin, and cardioli-
pin-cytochrome ¢ complex. By the same token, transfer-
ring CO to a target with a higher K4 (lower affinity) is
an energetically uphill process, such as in the case of
soluble guanylyl cyclase (sGC). Looking at this thermo-
dynamic equilibrium process in such a way does not au-
tomatically imply that the whole organism is in a
“homogenous” equilibrium state. This is because of the
need to consider the issue of “topography.” There are sig-
nificant factors that may affect the conditions in various
locations, leading to “valleys” that vary among different
locations in terms of CO concentrations and local condi-
tions that may affect the various K4 values. This point
will become clear in subsequent discussions once we bring
in factors that affect CO binding to Hb and other targets.
At this moment, one might ask the question: how
could COHb transfer CO to a range of targets with
widely different K4 values? The answer lies with na-
ture’s marvels in “designing” Hb with tunable K, in
the range of 0.7-4.5 uM for CO, depending on other
physiologic factors such as O, partial pressure, pH,
and possibly other small organic molecules such as NO,
H,S, adenosylmethionine, steroids, and 2,3-bisphospho-
glyceric acid. NO and H,S are known to compete for
binding to certain targets against CO; adenosylmethio-
nine (AdoMet) is known to affect the affinity of cysta-
thionine f-synthase (CBS) for CO; steroids are known
to affect binding of CO to P450; and 2,3-bisphosphogly-
ceric acid is known to affect the conformation of Hb
and its affinity for Oy and CO. This tunable Ky aspect
is discussed in the next section, but for now, this range

Yuan et al.

of Ky values means that CO transfer can happen to a
range of targets depending on the specific location and
local conditions. The metaphor of having waterfalls at
different elevation would allow the engagement of tar-
gets with Ky that is within (or close to) the K4 of CO
for Hb at a particular location.

For some of the known hemoprotein targets, we would
like to provide a visual presentation of published affinity
data and their implications in CO occupancy relative to
Hb in the form of figures so that readers can readily see
how variations in COHb level would affect CO occupan-
cy of a given target. In doing so, we take a binary ap-
proach in presenting the partitioning of CO between Hb
and a given target based on their respective K4 values.
Because Hb exists in high abundance, this binary ap-
proach should be a very good approximation. This ap-
proach is based on thermodynamics and does not take
kinetics into account, which might become a factor, espe-
cially if there is rapid local production of CO in response
to upregulated HO levels. Without hard data, discussing
kinetics in any quantitative term would not be meaning-
ful anyway. The equation to derive these figures is stat-
ed as follows (eq. 1) with details of their derivation
provided in the Supplemental Appendix 1. In such a
way, one can directly model the CO saturation level of a
given target (CO-T)% resulting from “extracting” CO
from the major CO carrier, COHb. This is essentially an
equilibrium consideration in solution.

CO — T(%)
COHb% x Kd(co — Hb)

= 0
~RA(CO—T) + COHbY% x (Kb(CO — HhKd(co— 1) ~ "°°%
(1)

By plotting this equation based on the known range
of K4 of CO for Hb (~0.7-4.5 uM) and the K4 of CO
for various hemoproteins (~0.1-10 mM), we present
Fig. 4 to show what it means quantitatively in trans-
ferring CO from COHD to a target with a defined Kj.
This means that molecular targets with Ky values in
the same range as COHb all have the chance for
“lateral” transfer of CO from Hb. This CO transfer
process depends on the location and local conditions
and thus the Ky of Hb for CO (Kyco.mp) at that loca-
tion. In this figure, we present a three-dimensional
(3-D) and contour plot by using a fixed concentration
of 14% COHDb, which is what the US Food and Drug
Administration had allowed as an upper limit for hu-
man clinical trials (Yang et al., 2020b). Fixing the
COHb level allows us to accommodate a number of
possible targets without going to 4-D in presenting an
overall landscape. In discussing individual targets in
the subsequent sections, we fix the Ky of the target
protein for CO (Kgco.t) and then vary the level of
COHb to allow for more detailed analyses of the satu-
ration levels for each target under different condi-
tions. Figure 4A shows the target CO saturation level
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Fig. 4. Overall contour map of CO’s binding with various targets under 14% COHDb level as the reference point. (A) A 3-D plot of the target CO satura-
tion percentage (CO-T%, z-axis) of various hemoproteins with definitive K4(CO-T) (x-axis) at a given K4q(CO-Hb) (y-axis); (B) A 2-D contour map of the
3-D plot A. Target protein CO saturation percentage is shown by different colors. In (A) and (B_, the dashed lines in the graphs mark the point of K4 =
0.1 uM CO-hemoglobin binding. It serves as a reference level showing that for a high-affinity target (Ngb), 14% COHDb leads to saturation by CO to a
level of 99.6%, whereas for a target of moderate CO affinity (COX), 14% COHb only leads to 5.1% CO saturation. The graphs were generated based on
eq. 1 by using Mathematica 12 (codes provided in Supplemental Appendix 2).

(CO-T%, z-axis) at a given Kgqco.mp) (y-axis). The vari-
ous targets are positioned on the x-axis based on their
known Ky values for CO. For example, neuroglobin
(Ngb) has a very high affinity for CO, with the re-
ported Ky being 0.2 nM. Therefore, the transfer of CO
from COHDb, even at its high-affinity state (Kgq 0.7
nM), is an energetically favorable process. At a COHb
concentration of 14% in the blood, the net partitioning
of CO between Hb and Ngb would allow more than
36% saturation of Ngb, even with high-affinity R state
COHb. If the partitioning is between Ngb and Hb at
its low-affinity state (K4 4.5 uM), then Ngb can reach
nearly 100% saturation. On the other hand, the com-
petition for CO between Hb and sGC (K4 240 uM) is
such that very little CO is expected to transfer to sGC
and the maximum sGC CO saturation is no more
than 0.3%, even when COHb is at its low-affinity
state (Kq 4.5 uM). There are other targets that are in
between. For example, transferring CO from COHD to
cytochrome c oxidase (COX) would only happen when
COHbD is in its low-affinity state, presumably at pe-
ripheral tissues, where oxygenation level and pH are
low. Figure 4 is meant to provide an overview of the ef-
fect of the binding affinity of the various known targets
on target engagement. Figure 4B is the 2-D contour
map of Fig. 4A that allows estimation of the target pro-
tein CO saturation based on color. Detailed analyses
for each target are presented in subsequent sections.

IV. Carbon Monoxide Binding to Hemoproteins
Involved in Oxygen Transport and Storage

A. Carbon Monoxide Binding to Hemoglobin

Hb is the most abundant hemoprotein and serves as
a heme reservoir in the body. Therefore, any discussion

of CO’s effects needs to start with Hb binding with CO,
leading to carbonylhemoglobin, also referred to as car-
boxyhemoglobin (COHDb), formation. The physiologic
roles of Hb (Dickerson, 1983; Ahmed et al., 2020) and
the implications of CO binding (Hampson, 2018; Yang
et al., 2021a) have been discussed in detail elsewhere
and are not duplicated here (Hampson, 2018; Yang
et al.,, 2021a). Whichever way CO is administered,
COHbD is likely the major “carrier” form of CO to the
various targets accessible via systemic circulation, al-
lowing for transfer of CO to the final target(s) either di-
rectly or more likely through release and diffusion. At
this time, it is important to put the issue of diffusion in
the context of CO’s solubility under various partial
pressures. At 1 atmosphere (atm), the solubility of CO
is about 1 mM. However, the solubility is much smaller
within the normal range of CO exposure that one
would experience. For example, at 250 ppm (0.025% of
1 atm), the CO concentration in water is only 200 nM
at 37°C based on calculations using Henry’s law (Levitt
and Levitt, 2015). However, in a human body most of
the time, one has to deal with nonequilibrium condi-
tions. Because the K4 of Hb for CO can be as low as
0.7 nM, the water solubility of CO under 250 ppm is
sufficient to drive to full saturation of Hb if ample
amount of CO is supplied, leading to toxicity. For thera-
peutic applications, the issue of COHb percentage (sat-
uration level) becomes very important. Therefore, the
exposure level of a given target and COHb saturation
level are two important considerations. Further, one
also needs to consider the interplay of factors such as
CO delivery rate, diffusion rate, binding kinetics (espe-
cially the on rate) with Hb and possible local targets at
the delivery site, and the relative abundance of various
targets in designing experiments to minimize toxicity
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and maximize intended effects. There is one recent re-
view that specifically focus on CO delivery and toxicity
issues (Yang et al., 2021b).

When considering the transfer of CO from COHb to
a target, the relative affinity of CO with Hb and a spe-
cific target is an important consideration. Because of
its essential role in carrying life-supporting oxygen in
the circulation, Hb concentration in adult human blood
is high at about 1.9-2.8 mM hemoglobin tetramer
(Beutler and Waalen, 2006; Lodemann et al., 2010),
which is the circulating form with four heme molecules
in each Hb. As a result, heme concentration is about
7.5-11.3 mM. CO at high levels is known for its toxici-
ty because of its ability to bind with Hb, resulting in
impeded oxygen carrying ability. The overall apparent
Ky for CO to Hb is approximately 1.3 nM and is 234
times lower than that of O, (Chakraborty et al., 2004).
The overall apparent K4, however, does not tell the
whole story and represents the composite results of dif-
ferent forms of Hb with varying K4 values for CO, de-
pending on the level of oxygen saturation, the Hb
conformational state, and pH (Zock, 1990). The dynam-
ic equilibrium among different states of Hb is probably
what allows CO to be transferred from Hb to other tar-
gets with a much lower affinity (higher Ky) than a K4 of
1.3 nM. It is well understood that the four heme mole-
cules, one in each subunit of Hb, work cooperatively in
binding with oxygen (and CO). It is generally believed
that Hb exists in two conformations, a low-affinity taut
(tense) form (T State) and a high-affinity relaxed form
(R State), with some complex mechanistic interpreta-
tions that are subject to debate and interpretations
(Mihailescu and Russu, 2001; Yonetani et al., 2002; Fan
et al., 2013; Yuan et al., 2015; Cho et al., 2018). Howev-
er, for the purpose of this discussion, we can accept the
generally agreed observations without getting into the
details of each model and the mechanistic questions.
Briefly, deoxyHb adopts the T state at low oxygen con-
centrations due to the allosteric effect from increased
COs concentrations, increased acidity in remote tissues
(Bohr effect), and a stabilization effect by 2,3-bisphos-
phoglyceric acid (2,3-BPG or 2,3-DPG). In the well
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oxygenated pulmonary capillaries, the elevated pH and
reduced CO5 concentration destabilize the T state. Bind-
ing of the first oxygen molecule to the T state of Hb has
a Kq of 422 uM (Sharma et al., 1978). However, this
binding changes the ferrous iron to a six-coordinated
state and an octahedral conformation, leading to alloste-
ric changes of the Hb tetramer to the high-affinity R
state (Brunori et al., 1972), with a Ky of 0.3—1 uM for
Oo. As a result of the conformational changes, binding
affinity increases by about 300-fold (Unzai et al., 1998).
This cooperative binding phenomenon gives a sigmoidal
shape O,-Hb dissociation curve (Fig. 5A) and empowers
Hb to bind fast and tight with oxygen in the lung where
the oxygen partial pressure is high while readily allow-
ing unloading of oxygen to the peripheral tissue where
the oxygen partial pressure is low. CO binds with Hb in
a similar manner as oxygen. Binding of the first CO
molecule to the T form of deoxyHb transforms it into
the R form, with increased affinity for the successive
CO or Oz molecules. This is a part of CO’s toxicity ef-
fect. At a low CO concentration, when O, can compete
against CO binding, the consequence of CO binding is
the formation of partially CO-bound Hb forms such as
Hb4(05)2(CO); and Hby(05)3sCO (Sharma et al., 1976),
which results in not only a decreased oxygen binding
capacity but also a shift of the oxyHb dissociation curve
to the left with a decreased ability of Hb to unload oxy-
gen at peripheral tissue where the oxygen partial pres-
sure is low (Hlastala et al., 1976; Andersen and Stark,
2012) (Fig. 5B). At high CO concentration, CO can occu-
py the entire tetrameric Hb to form Hb(CO), (Sharma
et al., 1976), leading to a complete loss of oxygen carry-
ing ability. The Ky for CO with the T state Hb was de-
termined to be 1.8 uM for the a-subunit and 4.5 yM for
the f-subunit. In contrast, in the R state, the Ky of CO
binding to Hb was determined to be 1.7 nM for the
o-subunit and 0.7 nM for the f-subunit (Vandegriff
et al.,, 1991; Unzai et al., 1998). The difference in affinity
between the R and T states is 1000- to 6400-fold, which
is far greater than that of oxygen. This means that the
difference in affinity between CO and O, with Hb is
higher (about 600-fold) in the R state than the difference
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Fig. 5. Oxygen dissociation curves of hemoglobin and myoglobin (left) and Og saturation curves at different COHb levels (right); adapted with permis-

sion from ASPET (Hlastala et al., 1976).
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in the T state (about 230-fold). The higher relative affini-
ty for CO in the R state (lung) than in the T state (pe-
ripheral tissue) is one way in the literature to explain
why inhaled CO is more prone to causing toxicity than
CO administered in other ways, such as infusion of
COHb in experimental animal models (Goldbaum et al.,
1975; Romao et al., 2012). There are other systematic
analyses as to why inhaled CO is more toxic (Yang et al.,
2021b).

The influence of CO on the binding affinity of O, to
Hb and vice versa not only is responsible (at least
partially) for CO’s toxicity but can also influence the
pharmacokinetics of CO. The apparent oxygen bind-
ing/dissociation characteristics depend on the Bohr ef-
fect, which is the reason for the efficient delivery of
O, to the remote tissue. The Bohr effect for oxygen is
expressed by the Bohr factor: Alog(P5¢)/ApH, in which
Alog(Ps0) is the change of log value of the partial pres-
sure of Oy to saturate 50% of hemoglobin (P5y) and
ApH is the change of the pH value. Hlastala et al.
(1976) conducted a series of experiments on the influ-
ence of CO on the Bohr effect of human Hb. It was
found that besides the lower Og saturation level and
P50, increased COHD levels significantly increase the
Bohr factor. At high COHb levels (>25%), a small pH
decrease was found to lead to a great decrease of oxy-
gen’s binding affinity to Hb, thus facilitating unload-
ing of the remaining oxygen. It seems that this effect
offers protection for the host under CO intoxication
conditions (Hlastala et al., 1976). It should be noted
that the Bohr effect also applies to CO’s binding to Hb
(Brunori et al., 1972). Sawicki and Gibson (1978) used
a flow-laser flash experiment to demonstrate that
CO’s binding cooperativity is also pH dependent,
though less pronounced than that of O,. At pH 7 in
phosphate buffer, Hb is completely switched to the R
state after binding three CO molecules. In contrast,
at pH 9, significant conformational changes occur af-
ter binding with one CO molecule (Sawicki and Gib-
son, 1978). However, the physiologic relevance of pH
9 is not clear. At a lower physiologic pH, upon CO
binding, mammalian Hb still exists as a mixture of
the T and R states, due to the high binding affinity of
CO and cooperativity in binding of mammalian Hb.
On the contrary, fish hemoglobin appears to have an
exaggerated Bohr effect under acidic pH, which pro-
vides hints for understanding the affinity of T state
Hb for CO at acidic pH (Saffran and Gibson, 1978).

All of the discussions of the different conformation-
al states, variations in binding affinities, and pH de-
pendence in binding between CO and Hb mean that
CO binding is a dynamic process, which allows un-
loading and transferring of CO to the targets in various
parts of the body (Mao et al., 2021; Yang et al., 2021b,
2022a). Further, the partitioning of CO between Hb and
a given target should probably not be directly calculated
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based on the global average binding affinity without
considering local conditions. How exactly the dynamic
equilibrium of the various states affects the ability of
Hb to bind and unload CO is a question that will re-
quire many more experimental studies. Another aspect
of CO binding to hemoglobin is its reservoir role as in
the case of albumin for small nonvolatile organic mole-
cules. Therefore, hemoglobin helps to keep the free con-
centration of CO “in check” based on binding affinity
and equilibria. The sections below have extensive dis-
cussions of this aspect in the context of individual mo-
lecular targets. We have also discussed this aspect
elsewhere in the context of pharmacokinetics and drug
delivery (Yang et al., 2021b, 2022a). Recently, Kitagishi
and colleagues used a high-affinity cyclodextrin-encap-
sulated Fe(II) porphyrin to determine tissue CO concen-
trations, providing evidence that hemoglobin helps to
dampen CO’s toxic effects via controlling availability of
free CO (Mao et al., 2021).

B. Carbon Monoxide and Myoglobin

Myoglobin (Mb) is the second most abundant heme
pool in the human body. Structurally, myoglobin is a
homolog of Hb’s a- and f-subunits and has a single
polypeptide chain with only one oxygen binding site.
It has a molecular mass of 16.7 kDa and is mainly lo-
cated in the muscle tissue, with about 0.9-2.2 g per
100 g of dry muscle depending on the autopsy position
(Akeson et al., 1968). On average, the amount of total
myoglobin in an adult male with a body weight of
70 kg is about 120-150 g, corresponding to about
6.6—-8.4 mmol. As myoglobin has only one heme group,
the total heme from myoglobin is calculated to be ap-
proximately one-seventh to one-fifth of that from the
Hb pool in the body. Mb has a higher affinity for oxy-
gen than Hb does. Therefore, it functions as an oxy-
gen storage pool in the skeleton muscle to preserve
oxygen for muscle functions under poorly oxygenated
conditions (Garry and Mammen, 2007). However, its
binding affinity to CO is less than that to Hb at its R
state of the highest affinity, and the difference be-
tween CO and O, binding affinity for Mb is only about
28-fold. The Ky of human Mb is 0.8 uM for O, and
29 nM for CO (Gibson et al., 1986; Moffet et al.,
2001). Like Hb, CO binding also results in conforma-
tional changes for Mb (Fig. 6). By using nanosecond
laser-pulse photolysis to dissociate the bound CO, it
was found that myoglobin undergoes conformational
relaxation after CO dissociation (Ansari et al., 1994).
However, because Mb is a monomer and only has one
heme binding site, there is no cooperativity in binding
with CO (or Oy). Therefore, its oxygen saturation
curve is hyperbolic, whereas for Hb it is a sigmoid
curve (Fig. 5A). At this point, it is important to dis-
cuss the affinity difference between Hb and Mb for CO
in the context of CO transfer from the blood (COHDb) to
Mb with a Ky of 29 nM. As discussed above, the Ky for
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Fig. 6. Conformational changes before and after CO binding with myoglobin (cross-eye stereo, generated from Protein Data Bank (PDB) 1mbc and
1mbd). Cyan coil and cyan stick heme molecules show the conformation before CO binding with the iron center (red sphere) slightly above the heme
plane. After CO (green carbon and pink oxygen sphere) binding with the iron center of the heme, it pulls the iron atom (dark red sphere) back to the
heme plane and consequently the histidine residue toward the heme plan, leading to conformational changes (orange coil and stick).

CO with Hb in the T state is 1.8 uM for the a-subunit
and 4.5 M for the f-subunit. In contrast, in the R
state, the Kg of CO binding to Hb is 1.7 nM for the
a-subunit and 0.7 nM for the p-subunit (Vandegriff
et al., 1991; Unzai et al., 1998). Presumably, the T state
is the predominant form in peripheral tissues and poor-
ly oxygenated sites where the pH is also low, whereas
the R state is the dominant form in the artery, the
heart, and the lungs. If this is true, CO transfer from
the T state of Hb to Mb is a thermodynamically and
presumably kinetically favorable process. However, in
the lung and heart, it becomes hard to say where the
equilibrium lies.

As discussed above, because of the dynamic equilib-
rium of the various states for Hb and their different
binding affinities (Changeux, 2012; Hilser et al.,
2012), transferring CO from COHb to Mb is more
likely in muscle tissues with reduced oxygen tension
and thus with Hb predominantly in the T state. In an
experiment to assess myoglobin’s oxygen tension (par-
tial pressure of oxygen that binds to myoglobin), a
small volume of pure CO was administered to a dog,
leading to a COHb level of 12%-23% (Coburn and
Mayers, 1971). In the meantime, COMb in hamstring
muscle also increased to 9%—24% and the COMb/
COHb ratio was calculated to be 1.1 + 0.12. Such re-
sults suggest that at the site of hamstring muscle, the
“average” K4 of Hb for CO was probably similar to
that of Mb (29 nM) under the specified experimental
conditions.

The above experiment is an excellent example in
assessing target engagement when CO is “delivered”
in the form of COHb. Because the most convenient
way of measuring CO exposure is the COHb level,
published pharmacokinetic studies of CO all relied on
COHb concentrations (Levitt and Levitt, 2015; Wang
et al., 2020). Therefore, in studying CO’s target en-
gagement, the ratio of the relative CO “saturation lev-
el” between Hb and the target is the parameter that
will allow quantitative assessment and intuitive ex-
pression of the relationship between COHb level and
target binding. In doing so, we introduce a 3-D plot
and a 2-D contour map to illustrate the theoretical
CO saturation level of the target protein in a binary
system (Fig. 7). The system only involves the preequi-
librated hemoglobin with the COHb % as one variable
and the K4 of CO-Hb binding affinity as the other var-
iable. The change of the latter variable is due to the
two affinity states of Hb (T and R states) as discussed
in the hemoglobin section.

In such a way, one can directly estimate target’s CO
saturation levels resulting from “extracting” CO from
the major CO carrier, COHb. Herein and for all of the
targets we discuss in subsequent sections, we select
three representative COHb levels to discuss the corre-
sponding target saturation level in the context of be-
ing physiologically and therapeutically relevant. The
specific COHb levels marked on the 3-D and 2-D con-
tour maps are: 1%, representing a normal physiologic
COHb level resulting from endogenous CO generation
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Fig. 7. Estimated CO saturation levels of myoglobin in the presence of COHb at various concentrations. Solid lines in the left panel and dashed lines in
the right panel represent scenarios with COHb concentrations at 1%, 6%, and 14%, respectively. The graphs were generated based on eq. 1 by using

Mathematica 12 (codes provided in Supplemental Appendix 2).

(Beard, 1969); 6%, representing a COHb level com-
monly seen in smokers and an approximate COHb
level likely achievable in human subjects after CO ad-
ministration (Sheps et al., 1991; Fazekas et al., 2012);
and 14%, representing the highest threshold level of
COHb allowable in humans by the US Food and Drug
Administration. Although COHb levels above 14%
can be achieved, they will not be discussed in detail
in the context of current review for lack of therapeutic
relevance. It should be emphasized again that eq. 1
and the derivative plots are based on a binary (Hb vs.
target) system by considering only CO without consid-
ering binding by other species such as NO, HyS, and
O,. Thus, the numbers are only quantitative refer-
ence points for consideration before designing experi-
mental studies. Obviously, experimental data will be
needed to inform therapeutic decisions.

A careful analysis of Fig. 7 shows that in the high-
affinity R state of COHb (Ky 0.7 nM), very little trans-
fer of CO from COHb to Mb would happen, even
when the COHb level is high. For example, 14%
COHb in the high-affinity R state is expected to in-
duce only 0.4% myoglobin CO saturation. However, in
its low-affinity state (Kq 4.5 uM), 1% COHD can lead
to 61% saturation of Mb and 5% COHDb can lead to
nearly 90% saturation of Mb. Such analysis also
means that the partitioning of CO between Hb and
Mb is a dynamic process and is dependent on the
physiologic and pathologic states of the tissue/location
in question, including perturbation of the local pH,
oxygenation level, the presence of other ligands (Egan
and Zierath, 2013), and ultimately the affinity of Hb
for CO. At this point, we would like to raise one ques-
tion for readers to ponder. In considering CO’s endog-
enous signaling roles and therapeutic actions, often
the discussions are focused on the amount of CO
available, either through upregulation of HO-1 or ex-
ternal delivery. If one looks at the plots in Fig. 7, it is
very clear that changes of local conditions such as pH
or oxygenation level could play a very important role
in regulating the level of target engagement (i.e., Mb

in this case), even if COHb level does not change. For
example, it is well known that exercise leads to pro-
duction of lactic acid in the skeletal muscle and thus
acidification (Robergs et al., 2004), which could in
turn lead to a decrease of Hb’s affinity for CO and
thus increased transfer of CO to Mb without increas-
ing the level of COHb. This scenario could be applica-
ble to many pathophysiological conditions. In another
word, CO could play regulatory roles without a
change of the COHb level as a prerequisite.

Although the major function of Mb is to store and
increase the diffusion rate of oxygen to myocytes,
from an evolutionary perspective the aforementioned
conformational changes indicate that it should have
other secondary functions as well. Indeed, it was re-
vealed by Frauenfelder et al. (2001) that Mb has allo-
steric enzymatic functions, including those similar to
that of peroxidase and cytochrome P450. Due to the
spatially congested nature of the heme-binding motif,
substrates for Mb are limited to small molecules such
as Oy, CO, and NO, and Hy05, among others. Nature
has shaped Mb like a micro redox chemical reactor for
such molecules, with the iron center being an electron
transport and/or catalytic center. It is known that Mb
can mediate redox reactions involving Oy, NO, and ni-
trite (Richards, 2013).

During this process (Scheme 1), deoxymyoglobin
(Mb) reacts with O2 to produce ferric metmyoglobin

Mb + O, — metMb' + 05 (1)

(I
MbO, + H'— metMb + HO (111)

Mb + 0, —> MbO,

MbO,+ NO —— metMb + NO;  (IV)
H* H,0
MbO, + NO3 N L drean & NO, (V)

Scheme 1. Redox reactions mediated by myoglobin.
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(MetMb) and superoxide radical (I). Deoxymyoglobin
binds with oxygen to form oxymyoglobin (MbO,, II);
the bound O, in MbO, can be protonated and undergo
one-electron oxidation of the ferrous iron to produce
MetMb and hydroperoxyl radical (III). MbO, also
readily reacts with nitric oxide to form nitrate anion
and MetMb (IV); this reaction contributes to the me-
tabolism of NO and affects NO concentration gradient
with signaling implications (Liu et al., 1998a). Simi-
larly, MbOg can react with nitrite to generate peroxy-
nitrite species (V) (Liu et al., 1998a). By the same
token, MbOs can react with nitrite to generate perox-
ynitrite species (V). The generated reactive oxygen
species (ROS) such as superoxide, hydroperoxyl radi-
cals, and peroxynitrite can lead to oxidative damage
to the cell. However, when Mb is bound to CO, the re-
dox catalysis is inhibited. This mechanism partially
contributes to CO’s antioxidative activity in myocytes.
Indeed, CO was found to abolish the oxidation of low-
density lipoprotein (LDL) by horseradish peroxidase
(HRP) (Natella et al., 1998). CO was also found to
trap the heme iron in HRP in its ferrous state, there-
fore preventing its redox activity. Along the same
line, upon rhabdomyolysis or traumatic muscle dam-
age, the released ferrous Mb can mediate redox reac-
tions and cause oxidative damage. Shaklai et al.
found that CO sequestered the ferrous Mb and
completely arrested Mb-mediated oxidation of LDL
(Sher et al., 2014). CO has also been found to attenu-
ate Hb-induced LDL oxidation by blocking heme oxi-
dation and the transfer of heme from Hb to LDL.
Unlike Mb, Hb’s oxidative activity results from a
weakening of the binding between ferric heme and
globin (Bunn and Jandl, 1968; Natella et al., 1998). If
Hb is released from the red blood cell due to hemoly-
sis, then transfer of the hemin molecule to other pro-
teins such as LDL is possible; this can lead to in situ
oxidation catalyzed by hemin. In this aspect, Hb-se-
questering proteins such as haptoglobin and hemo-
pexin are more efficient than CO in arresting hemin
released from Hb. However, myoglobin, on the other
hand, has stable binding with heme, contributing
very little to hemin transfer to other proteins. There-
fore, CO generated by the HO-1 pathway or given ex-
ogenously is capable of arresting Mb’s oxidative
toxicity (Sher et al., 2014). At the molecular level,
Shaklai et al. demonstrated that CO promotes the re-
duction of the oxidized hemoproteins such as methe-
moglobin (MetHb) and MetMb by using peroxides as
electron donors (Sher et al., 2012). This mechanism
adds another possible aspect of the vascular protec-
tion effect of the HO/CO axis. From another point of
view, the food industry also utilizes CO’s ability to se-
quester ferrous iron in myoglobin to preserve the red
color of meat that comes from ferrous Mb and to avoid
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the dull brown color from oxidized MetMb (Sher
et al., 2012).

Therefore, Mb is a target of CO with high affinity to al-
low almost “lateral” transfer of CO from COHb. Further,
because Mb also has some enzymatic functions, CO bind-
ing may lead to modified reactivity and other implications
(Jue and Chung, 2003; Chung et al., 2006; Huysal et al.,
2016; Postnikova and Shekhovtsova, 2018).

C. Neuroglobin and Cytoglobin

Neuroglobin (Ngb) was discovered by Burmester in
2000. It only shares less than 25% similarity with Mb
and Hb, and its evolutionary origin may trace back to
nerve globins of invertebrates (Dubey and Dubey,
2019). As the third heme-containing globin in mam-
mals, it is mainly expressed in the central and periph-
eral nervous system, including cerebrospinal fluid,
retina, and endocrine tissues. The physiologic level of
Ngb is about the equivalent of ~0.2 M, which is
much lower than those of Hb or Mb. Different from
Hb and Mb, the ferrous atom in Ngb is hexa-coordi-
nated with an additional distal histidine residue
(H64). Similar to Mb, Ngb is a monomeric protein
with a high binding affinity to oxygen (Kg, 3.2 nM),
which is about 30-100 times higher than that of Hb
(Dewilde et al., 2001). Therefore, such a high affinity
can increase oxygen availability and protect neuron
cells under hypoxic or ischemic conditions. Ngb is sig-
nificantly upregulated under hypoxic conditions
(Schmidt et al., 2004). Upon formation of a disulfide
bond between Cys46 and Cys55 on the protein surface
under oxidative stress, Ngb undergoes conformational
changes, which transfer the hexa-coordinated struc-
ture to a penta-coordinated one, leading to an in-
crease in its nitrite reductase activity (Omar and
Webb, 2014). In addition to oxygen binding activity,
Ngb has also been reported to allosterically modulate ni-
tro reductase, NO dioxygenase, and peroxidase activities.
Further, evidence seems to be emerging that supports
the involvement of Ngb in redox sensing, oxidative
stress, ischemia damage, and inflammatory responses
(Mathai et al., 2020). In fact, all of the mammalian
heme-associated globins have been shown to possess ni-
trite reductase activity in their deoxygenated state. The
reaction has been very well characterized (Scheme 2).

The reduction of nitrite generates NO and ferric
Ngb. The increased NO leads to inhibition of mito-
chondrial respiration, oxygen consumption, and ROS
production (Raub and Benignus, 2002; Tiso et al.,
2011; Qiu and Chen, 2014). The ferric Ngb, but not
the ferrous Ngb, acts as guanine nucleotide dissocia-
tion inhibitor (GDI) and binds to the GDP-bound form
of the o-subunit of G protein with a Kgq of 0.6 uM,

DeoxyFe(ll) + NO? + H*—» Fe(lll) + NO + OH"

Scheme 2. Nitrite reductase activity of ferrous heme-associated globins.
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leading to protection against neuronal death (Waka-
sugi et al., 2003). On the other hand, ferrous Ngb also
binds with ferric cytochrome ¢ and acts as reductase
with a Ky of about 10 yM (Tiwari et al., 2015). Ferric
cytochrome c (cyt ¢), but not ferrous cyt ¢, can initiate
apoptosis. Ferrous Ngb may, on the other hand, func-
tion as an antiapoptotic molecule to offer cytoprotec-
tive effects to neuron cells (Fago et al., 2006). These
findings led to the suggestion of Ngb being a neuro-
protective molecule against stroke.

There have been studies of CO’s affinity to Ngb
(Azarov et al., 2016). The Ky of Ngb was determined
to be 0.2 nM (Dewilde et al., 2001; Azarov et al.,
2016). In contrast, the K3 of CO was 1.7 nM for the R
state of Hb and 1.8 uM for the T state of Hb. Such re-
sults mean that Ngb should be able to “extract” CO
from the high-affinity R state of Hb, let alone the
“average ensemble” of the dynamic equilibrium of the
various states. Further, the high affinity of Ngb for Oq
(Kg, 3.2 nM) means that it would take a higher relative
concentration of CO to achieve the same effect of CO
“poisoning” against Ngb than Hb. However, there has
not been a study of the interplay among CO, Oy, and
Ngb and the associated biologic significance. In our
opinion, the colocalization of Ngb and HO-2 in neuron
cells and the hypoxia-inducible nature of Ngb (Fioc-
chetti et al., 2019) and HO-1 (Motterlini et al., 2000)
may indicate a potential link between CO and Ngb
functions, which deserves in-depth studies.

Figure 8 presents a picture of the partitioning of
CO between Ngb and COHb in a binary form based
on published Ky values. It is clear that the high affini-
ty of Ngb for CO means that transferring CO from Hb
is an energetically favorable process, regardless of
whether Hb is in its high-affinity R state or low-affini-
ty T state. For example, even at its high-affinity state,
it would only take 14% of COHb to allow for 36.3%
saturation of Ngb. At the low-affinity state (uM Ky),
COHb at 1% would allow 99.6% saturation of Ngb.
Under such a circumstance, it is almost certain that
the transfer is not under equilibrium conditions and is

100

CO-Ngb%

841

limited by CO availability. The high affinity of Ngb for
CO help to partially explain why reversal of CNS dam-
age after CO intoxication takes a much longer time
than the time needed to decrease COHb levels in the
blood (Bleecker, 2015; Rose et al., 2017). Further, if the
K4 of COHDb in the CNS, especially after some patho-
logic changes such as pH decrease, is much higher
than the 0.7 nM for the high-affinity R state, then it
may present a kinetic barrier in clearing CO from the
CNS. One way to bridge this kinetic barrier is the use
of a “catalytic amount” of a circulating intermediary
binder that has a comparable or higher affinity for CO
when compared with Ngb. A cyclodextrin-encapsulated
heme (Kitagishi et al., 2016; Kitagishi and Minegishi,
2017) and an engineered Ngb may play such a role as
described below.

A very interesting Ngb-related study is the engineer-
ing of a Ngb mutant with an even higher affinity for CO
than Ngb itself, which can be used as a scavenger for
treating CO intoxication (Azarov et al., 2016). Specifi-
cally, Gladwin and coworkers found that mutation of the
distal histidine (H64) to glutamine led to a significant
increase in binding affinity with CO to a K4 of 2.6 pM.
As a result, this H64Q-Ngb is able to extract CO from
COHDb and Ngb and thus can function as an antidote for
CO poisoning (Azarov et al., 2016; Rose et al., 2020).

In addition to Hb, Mb, and Ngb, there are other
heme-containing globin proteins, including cytoglobin
and androglobin. These two relatively “newcomers”
actually have evolutionary longevity and diversity
among metazoan species (Hoogewijs et al., 2012), al-
though the detailed functions for these two have not
been fully elucidated. As the fourth member of the
vertebrate globin family, cytoglobin shares structural
similarities with neuroglobin. The heme iron is also
six-coordinated with a distal histidine (His81), and
binding to a ligand displaces the distal histidine. CO
is known to bind with cytoglobin and disassociate the
distal histidine ligand (Makino et al., 2011). The dis-
sociation constants of CO to the cytoglobin dimer and
monomer were determined to be 0.29 uM and 68 nM,
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Fig. 8. Estimated CO saturation levels of neuroglobin in the presence of COHb at various concentrations. Solid lines in the left panel and dashed lines
in the right panel represent scenarios with COHb concentrations at 1%, 6%, and 14% COHDb, respectively. The graphs were generated based on eq. 1 by

using Mathematica 12 (codes provided in Supplemental Appendix 2).
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respectively (Tsujino et al., 2014; Beckerson et al.,
2015). The conformational changes of cytoglobin upon
CO binding are more pronounced compared with Ngb,
indicating potential gas-sensing functions. Similar to
Ngb, cytoglobin also has cysteine residues (Cys38,
Cys83) that can form intramolecular and intermolecu-
lar disulfide bonds, leading to further conformational
changes. Such properties also indicate a potential re-
dox sensing function (Mathai et al., 2020). However,
further studies are needed to understand its cellular
functions.

V. Carbon Monoxide Binding to Heme-
Containing Enzymes

Targets for carbon monoxide binding go beyond pro-
teins important for oxygen transport and storage. CO
is known to bind to a number of enzymes with diverse
functions. Below we describe those targets that have
been extensively studied.

A. Activation of Guanylyl Cyclase: An Intersection
with the NO Signaling Pathway?

The three gasotransmitters are known to have over-
lapping activities and molecular targets, partially be-
cause of their ability to bind to metal centers. These
interactions are complex, and the overall outcome likely
depends on the interplay of many factors, including
their relative affinities, relative concentrations, the
presence of other proteins that can bind the same gaso-
transmitter(s), and maybe even on-off rates. The story
of guanylyl cyclase is an especially important one for
many reasons. Below we describe this molecular target
and its interactions with CO and NO in detail.

To start, guanylyl cyclase is responsible for the syn-
thesis of second messenger cyclic GMP (cGMP) from
GTP (Fig. 9). There are two enzymes that catalyze
the production of cGMP: particulate guanylate cyclase
(pGC) and soluble guanylate cyclase (sGC). pGC is
membrane bound and responds to extracellular signal
molecules such as natriuretic peptides. Second, gua-
nylate cyclase (GC) is cytosolic and exists in two
forms: NO-dependent heme-containing form and NO-
independent heme-free/oxidized form. Because sGC is
known to be sensitive to NO as well as CO, this is the
focus of this discussion. In the presence of a ferrous
heme moiety, sGC constitutively catalyzes cGMP pro-
duction at a low rate. Upon binding with NO, an in-
trinsic sGC stimulant, sGC increases the catalytic
activity by at least 200-fold through allosteric regula-
tions (Ma et al., 2007).

Structurally speaking, sGC is a heterodimeric com-
plex consisting of two subunits, « and f, each of which
has two isoforms (Derbyshire and Marletta, 2012).
The most common sGC combination is «1/$1, but
o2/p1 is highly expressed in some tissues (e.g., brain)
(Koglin et al., 2001). Each subunit contains three
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Fig. 9. NO/cGMP signaling pathways. NO or CO binding to the heme
prosthetic group induces conformational changes of the catalytic domain,
thus increasing the catalytic activity to produce cGMP from GTP. cGMP
as a second messenger binds to intracellular target proteins; activation of
protein kinase G inhibits expression of profibrotic genes, including trans-
forming growth factor 1 (TGF-f$1), Type-I collagen (Col-1), proinflamma-
tory cytokine interleukin-6 (IL-6), activation of proapoptotic protein
Caspase 3 (Casp-3), activation of cGMP-gated ion channels, activation of
phosphodiesterases (PDEs), and inhibition of K* channels, thus decreas-
ing intracellular Ca®* concentrations.

common domains: 1) the N-terminal heme-binding do-
main (HBD) that mediates the NO sensitivity of the
enzyme; 2) a dimerization domain, which is found in
the middle of the structure of each subunit and is re-
quired for basal or NO-stimulated sGC activity; and
3) the C-terminal catalytic domain, which is the most
highly conserved region between the subunits and is
responsible for the conversion of GTP to cGMP (Priviero
and Webb, 2010). The N-terminal HBD structurally be-
longs to the H-NOX (heme-nitric oxide/oxygen binding)
family (Derbyshire and Marletta, 2012). The ability of
NO to regulate the activity of sGC plays a critical role
in various physiologic processes. As a secondary mes-
senger, cGMP mediates three major pathways, includ-
ing ¢cGMP-dependent protein kinase, cGMP-regulated
phosphodiesterase (PDE), and cGMP-gated ion channels
(Fig. 9) (Denninger and Marletta, 1999). These signal-
ing pathways in turn lead to various effects, including
inhibition of smooth muscle proliferation, blockade of
leukocyte infiltration and inhibition of platelet aggrega-
tion, anti-inflammation, antifibrosis, antiapoptosis, and
vasodilation (Derbyshire and Marletta, 2012; Hoffmann
et al., 2015; Friebe et al., 2020). Activation of the GC/
c¢GMP signaling pathway offers protective effect in car-
diovascular diseases (Hoffmann et al., 2015) and kidney
injury (Chen and Burnett, 2018; Yang et al., 2020b),
among others (Ingi et al., 1996; Feil and Kemp-Harper,
2006; Derbyshire and Marletta, 2012).

NO was found to bind to the five-coordinated fer-
rous iron of the heme located in the f1 subunit of
sGC, where one of the coordinating groups is His105.
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Fig. 10. Conformational changes before (A) and after (B) NO binding with heme (figure generated from PDB 6jt0 and 6jt2 by PyMOL).

NO binding leads to a six-coordinated heme (Fig.
10A). Subsequent binding with another NO on the
proximal side of the heme followed by dissociation of
the distal NO would further push the His105 side-
ways. All of these conformational changes allosterical-
ly induce large conformational changes of the
catalytic H-NOX domain, favoring enzyme activation
by 200-fold through enhanced GTP binding and thus
catalytic activity (Fig. 10B). A cryo-electron microsco-
py (cryo-EM) study was able to show the drastic
changes of protein conformation upon NO binding
(Kang et al., 2019). The same N-terminal HBD of sGC
that mediates the NO sensitivity of the enzyme also
responds to CO binding, leading to activation by
about 3- to 6-fold based on in vitro studies (Stone and
Marletta, 1994; Friebe et al., 1996; Ma et al., 2007).
To understand the mechanism of action of CO on sGC
and its relationship to NO activation, the following
section discusses the mechanistic aspects in brief.
Intuitively, it is easy to understand that the confor-
mation of the hexa-coordinated CO-bound form is dif-
ferent from that of the penta-coordinated NO-bound
form. As a result, the allosteric effects of these two ga-
sotransmitters are also different. One quantitative
factor is very important. In one report based on bind-
ing kinetics, it was said that the ratio of K4 values for
NO:CO:0, stays at about 1:10%:10° for a range of
heme-containing targets, including sGC, cyt ¢, and a
bacterial hemoprotein Nostoc sp (Ns) heme nitric ox-
ide/oxygen binding (H-NOX) protein (Ns H-NOX) (Ma
et al., 2007; Tsai et al., 2012). The same study also de-
duced a “sliding scale rule” for predicting binding af-
finity of a hemoprotein, in which the proximal ligand
is a histidine and the distal site is an apolar environ-
ment. The influence of the distal amino acid residue
on the binding affinity was also discussed; thiolate,
tyrosinate, and imidazolate were said to exert a
“leveling” effect on ligand binding affinity (Tsai et al.,
2012), though specifics may differ depending on the
enzyme in question and conditions. The large differences

in binding affinity already raise the issue of “nonequal”
targets for CO, even though they all bind CO. If we ex-
amine some specific numbers, the picture becomes more
complex, but the implications are the same. The Ky for
sGC binding is 4.2 pM for NO and 240 uM for CO (Mar-
tin et al., 2006). This is a huge difference in binding af-
finity and probably means that CO does not play a
physiologic role under nonpathologic conditions, when
the COHD level is about 1% or lower and unlikely to af-
ford a CO level that is close to its K4 with sGC. Further,
the K4 for CO binding to the «- and f-subunits of Hb,
even in the low-affinity T state, is 1.8 uM and 4.5 uM, re-
spectively, which are far below the K4 for CO binding
with sGC. In the R state, the K4 of CO binding to Hb is
1.7 nM for the a-subunit and 0.7 nM for the f-subunit.
As such, the likelihood for sGC to “extract” CO from
COHD is very small under physiologic conditions, and
the maximum saturation level of sGC in an equilibrated
binary system would only reach about 0.3% at a COHb
level of 14%. The large difference between the Ky values
for CO binding with sGC and Hb probably means that
unless the CO level is very high in the systemic circula-
tion and the pH is very low at a particular location, bind-
ing to sGC is unlikely to be a major regulating or toxicity
factor for CO. The extremely large difference between
NO and CO in their Ky values in binding with sGC prob-
ably also suggests that the proposed overlapping activity
between NO and CO in activating sGC likely only comes
into play at very high levels of CO and/or when NO syn-
thesis is severely inhibited (Vogel et al., 1999). In this
context, it is important to note that most of the studies
in determining the 4-fold activation of sGC by CO were
conducted in vitro. In the very first report of CO’s effect
on sGC, elegant work was performed by studying CO’s
inhibitory effect on platelet aggregation and 10,000 g su-
pernatant from platelet homogenates was used (Briine
and Ullrich, 1987). Most of the experiments were done
with pure CO; and it was found that platelet inhibition
effects were observed in the range of 20-80 uM for CO.
Such numbers are consistent with the known Ky of 240
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uM for sGC for CO. Further, in determining the activa-
tion of sGC from bovine lung by NO (128 + 17-fold) and
CO (44 = 0.4-fold), these experiments were performed
using 0.5% of NO in argon and 100% CO, respectively
(Stone and Marletta, 1994). One wonders whether the
CO concentration created with 100% CO can be realized
in vivo. As a result, even the modest 4-fold activation of
SGC by CO might only be the biochemical maximum
and is likely a significant overestimation of what is
achievable in vivo. Of course, one also needs to keep in
mind the short-lived nature of NO, which may come
into play when examining the competition for binding
with sGC between CO and NO.

In an effort to allow visualization of the partition-
ing of CO between Hb and sGC in a binary setup, we
present a 3-D and a contour plot for the theoretically
estimated sGC occupancy level in the presence of var-
ious levels of COHb with varying Ky values (Fig. 11).
It is very clear that even at its low-affinity state, the
transfer of CO to sGC is negligible. One would cer-
tainly not expect to see a regulatory role for CO under
such circumstances. If CO indeed helps to activate
sGC in vivo, there must be other factors at play in or-
der for CO to overcome the known barrier of transfer-
ring from COHDb to the low-affinity sGC.

The picture described above in terms of the intri-
cate relationship in binding affinity and signaling
molecule stability may only represent a small part of
the complex signaling network. For example, H,S is
also known to stabilize sGC in its NO-responsive form
(Szabo, 2017; Cao et al., 2018). Are there other endog-
enous molecules that may come into play? One would
think the likelihood is real (Beuve, 2017; Kollau
et al., 2018; Dai et al., 2019). Along a similar line,
there are also synthetic small molecules that have
“stimulating” effects on sGC and have regulatory
roles in this intricate relationship (Fig. 12). For exam-
ple, at 100 uM, the synthetic small molecule lificiguat
(YC-1) has been shown to potentiate CO’s stimulatory
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effect of bovine sGC to the similar magnitude of NO
(using CO solution) (Stone and Marletta, 1998). It is
worth noting that YC-1 alone can stimulate sGC ac-
tivity by 12-fold even without NO or CO (Friebe et al.,
1996). Further, in mice-derived sGC, YC-1 analogs
such as BAY 41-2272 and PF-25 were found to in-
crease CO’s binding affinity to sGC and vice versa
(Purohit et al., 2014). The affinity of sGC for these
stimulators is also drastically augmented by CO. For
example, YC-1 binds sGC with a K4 of 9 —21 uM in
the absence of CO and 0.6 — 1.1 uM in the presence of
CO. PF-25 binds to sGC ~10-fold weaker than YC-1
in the absence of CO, whereas compound BAY 41-2272
binds particularly tightly in the presence of CO (Ky =
30 — 90 nM). Surface plasmon resonance (SPR) binding
studies showed that these YC-1 analogs bind to the
N-terminal portion of the 1 chain near the heme do-
main and repress the allosteric inhibition effect from
the ol chain, which leads to expulsion of NO or CO
from heme. Therefore, with YC-1, sGC retains its
high-affinity binding conformation for NO or CO (using
CO solution) (Purohit et al., 2014). However, how the
1 H-NOX domain switches from low to high affinity
for CO and NO is still unknown. Some sGC stimula-
tors have been studied in clinical trials for various in-
dications (Armstrong et al., 2018; Xiao et al., 2019).
With of all of the discussions of the intricacy of
CO’s effects on sGC, it is important to examine exper-
imental results using CO in vivo. In one case using
sGC inhibitor NS2028, Zhang et al. showed that a ru-
thenium-based CORM, CORM-3, at a dosage of 4 mg/
kg post-treatment was able to protect rats against
neuronal pyroptosis in the cortical tissue after hemor-
rhagic shock and resuscitation. CORM-3 was also
shown to partially restore sGC activity and cellular
cGMP level, whereas pretreatment with NS2028 abol-
ished the restoration effect. Restoration of the mito-
chondrial membrane potential was observed with
CORM-3 treatment but not iCORM-3. This in turn
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Fig. 11. Estimated CO saturation levels of sGC in the presence of various levels of COHDb in a binary system. Solid lines in the left panel and dashed
lines in the right panel represent scenarios at COHb concentrations of 1%, 6%, and 14%, respectively; scales are different from that of Fig. 8 due to the
low affinity of sGC for CO and the need to expand the low-saturation level region to present a meaningful figure. The graphs were generated based on

eq. 1 by using Mathematica 12 (codes provided in Supplemental Appendix 2).
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YC-1 BAY 41-2272 PF-25

Fig. 12. Allosteric stimulators of sGC. YC-1: 3-(5'-hydroxymethyl-2’-fur-
yl)-1-benzylindazole; BAY 41-2272: 3-(4-amino-5-cyclopropylpyrimidin-2-
yD-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine; PF-25: 1-(pyrimidin-5-
ylmethyl)-3-(3-(trifluoromethyl)-1H-1,2 4-triazol-5-yl)imidazo[1,5-
alpyridine.

reduced ROS generation after resuscitation, related
mitochondrial damage and thus pyroptosis (Zhang
et al., 2019). In terms of possible mechanism(s) of ac-
tion, activating the sGC/cGMP/PKG pathway is
known to activate the mitochondrial large-conduc-
tance calcium-activated potassium (BKc,) channel
and thus regulate ROS generation (Walewska et al.,
2018). This was proposed as one possible explanation.
In the gastric system, Magierowski and coworkers
(2019) also showed that pretreatment with 5 mg/kg
CORM-2 was able to prevent ischemia-reperfusio-
n—induced gastric mucosal injury in rats. sGC inhibi-
tor ODQ (1H-[1,2,4]oxadiazolo[4,3-a]uinoxaline-1-one)
was able to block the protective effect, which is consis-
tent with sGC activation being a factor. Carretero and
coworkers took the studies one step further to under-
stand the mechanism of CO’s effect in renal microcir-
culation. It was found that CORM-3 at 50 uM led to a
decrease of tubuloglomerular feedback (TGF), which
is the sensing mechanism that induces constriction of
the afferent arteriole upon increased luminal NaCl
concentration (Ren et al., 2008). Later, in isolated rab-
bit afferent arterioles (Af-Art, with glomerulus and
adherent tubular segments), microperfusion with 50
uM CORM-3 was found to attenuate TGF levels by
one-third to one-half, whereas this effect was blocked
with the addition of 1 M sGC inhibitor LY-53583.
Such results are consistent with the attenuation of
TGF by CORM-3 being mediated by activation of the
(sGC)/cGMP system. Further studies with a ¢cGMP-
dependent protein kinase (PKG) inhibitor KT-5823,
phosphodiesterase 2 (PDEZ2) inhibitor BAY-60-7550,
and a cAMP analog dibutyryl-cAMP led to the finding
that the attenuation of TGF by CORM-3 was via re-
duction in cAMP level. It was proposed that CORM-3
activation of the cGMP pathway and PKG, but not
PDE2, led to the reduced cAMP levels (Ren et al.,
2012). All such results are consistent with CO’s role
in activating sGC in vivo. However, ruthenium-based
CORMs such as CORM-2 and -3 have been found to
have biologic effects that are independent of their
ability to donate CO (Dong et al., 2008; Santos-Silva
et al.,, 2011b; Nielsen and Garza, 2014; Wareham
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et al., 2015; Nobre et al., 2016; Gessner et al., 2017;
Southam et al., 2018, 2021; Juszczak et al., 2020;
Nielsen, 2020a,b; Nielsen et al., 2020; Rossier et al.,
2020; Stucki et al., 2020a; Yuan et al., 2020). Further,
they have also been found to undergo chemical reac-
tions under physiologic conditions (Gessner et al.,
2017; Southam et al., 2018, 2021; Nielsen, 2020a;
Yuan et al., 2020, 2021a,b). There have been several
recent reports of the biologic effects of such CORMs
being CO-independent after years of acceptance of
their roles solely as CO donors (Southam et al., 2018;
Juszezak et al., 2020; Nielsen, 2020a,b; Nielsen et al.,
2020; Stucki et al., 2020a). Coupled with the relative
low affinity of CO with sGC, it seems that the effect
of CO on sGC in a physiologically relevant setting
still needs more studies. More experimental work
may be needed to truly understand the implications,
if any, of these new findings in the interpretation of
the above results related to sGC and CORM-2 and -3.
As a result, the question of whether sGC is a key tar-
get for NO and CO to intersect under near physiologic
conditions still faces a great deal of uncertainty. If
they intersect, could there be possible indirect/second-
ary and/or tertiary pathways or a third player as a
modulator? Could there be one or more endogenous
“YC-17-like compounds capable of augmenting CO
binding to sGC? On a related note, the effect of CO on
vasodilation is supported by results from many stud-
ies, though the proposed mechanism of actions varies
(Wang, 1998; US-EPA, 2000; Ryan et al., 2006; Deca-
luwé et al., 2012a,b; Bae et al., 2021; Kaczara et al.,
2021), including the attenuation of ROS-related re-
sponses (Lamon et al., 2009).

B. Cystathionine f-Synthase: An Intersection with
Sulfur Signaling Pathways

Cystathionine f-synthase (CBS), an enzyme found
in the cytosol and mitochondrial outer membrane
(Szabo et al., 2013), is a key player in mammalian sul-
fur metabolism, specifically in methionine cycling
and transsulfuration pathways (Hishiki et al., 2012;
Suematsu et al., 2016). Through its action as a
hydro-lyase, CBS commits L-homocysteine to the
transsulfuration pathway by catalyzing the beta-re-
placement reaction between L-serine and L-homocys-
teine to form L-cystathionine (Scheme 3A). CBS is a
major player in maintaining the intracellular homeo-
stasis of L-homocysteine, which is considered as a
risk factor for vascular diseases (Graham et al.,
1997). CBS also catalyzes several other reactions that
produce H,S (Scheme 3B). In mammalian tissues,
CBS funnels methionine from methionine metabolism
pathways to the transsulfuration pathway as it com-
mits L-homocysteine to forming cysteine and other vi-
tal sulfur metabolites such as HyS and glutathione
(GSH). Under oxidizing conditions, CBS is fully acti-
vated, thus favoring the formation of glutathione, a
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key antioxidant present at high concentrations in the
cellular milieu (Fig. 13). On the other hand, when
CBS is in the resting state, L-homocysteine is directed to
the transmethylation pathway, recycling methionine and
providing precursors for methylation reactions. CBS reg-
ulation sustains the redox buffering capacity of the cell.
CBS is the only known hemoprotein that requires
both heme and PLP (pyridoxal phosphate or vitamin
Bg) for its functions (Kery et al., 1994). The active
form of CBS is tetrameric, wherein each 63-kDa subu-
nit consists of three structural domains: the N-termi-
nal domain, the central catalytic core domain, and the
C-terminal regulatory domain (Fig. 14) (Banerjee and
Zou, 2005). The C-terminal regulatory domain in-
cludes the dimeric Bateman domain, consisting of a
tandem repeat of two CBS motifs. This regulatory do-
main also binds the allosteric activator S-adenosylme-
thionine (SAM). The N-terminal domain binds the
cofactor heme through cysteine 52 and histidine 65,

Yuan et al.

whereas the active site in the catalytic core binds to
pyridoxal phosphate (PLP) as another cofactor
through imine formation with lysine-119. These two
cofactors are 20 A away from each other, pointing to a
regulatory role for heme instead of catalytic (Meier
et al., 2001). In the ferrous state, the heme moiety
binds gaseous ligands such as CO and NO, leading to
CBS inhibition. As a result, CBS sits at a point of con-
vergence linking the three gasotransmitters (Vicente
et al., 2018). Furthermore, from the involvement of
multiple cofactors and various metabolic pathways,
CO binding touches more than sulfur signaling per se.
1. CO Binding to Cystathionine [(-Synthase. The
heme cofactor in CBS exists in a low-spin and six-co-
ordinated state with the axial ligands being thiolate
and histidine (Omura et al., 1984; Ojha et al., 2002).
In the ferrous state of CBS, CO binds heme by dis-
placing its thiolate ligand, Cys52, leading to the stabi-
lization of the six-coordinated complex. It is post-
ulated that cysteine thiolate is preferentially dis-
placed instead of histidine because of the presence of
a salt bridge between Cys52 and Arg266, which helps
to stabilize the thiolate after dissociation and thus im-
pede rebinding to heme (Puranik et al., 2006). In
wild-type (WT) human CBS, noncooperative CO bind-
ing was observed with K4 values of 1.5 = 0.1 uM and
68 = 14 uM, resulting in CBS inhibition with an inhi-
bition constant (K;) of 5.6 + 1.9 uM (Taoka et al.,
1999; Puranik et al., 2006). The slow on-rate for CO
binding (18 uM~1s™1) is attributed to the slow dissoci-
ation of Cys52 from the ferrous heme with a dissocia-
tion rate of 0.0166 seconds ' at 24.5°C (Puranik
et al., 2006). As a consequence of this slow on-rate for
CO binding, a relatively high concentration of CO is
needed to achieve physiologic relevance. This was pos-
tulated to prevent wasteful response to background fluc-
tuations in local CO concentration (Puranik et al., 2006).
As another example of CO and NO binding to the same
target, it is important to note that nitric oxide binds to
CBS to form a stable five-coordinated ferrous complex,
displacing both the cysteine and histidine ligands. In a
2001 report using both NO gas-saturated buffer and
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Fig. 13. CBS is a redox-sensitive enzyme at the junction of important pathways: methionine metabolism, transsulfuration, and glutathione synthesis.
AHCY, adenosylhomocysteinase; CSE, cystathionine gamma-lyase; GCL, glutamate cysteine ligase; GS, GSH synthetase; MAT, methionine adenosyl-

transferase; MS, methionine synthase; MT, methyl transferase.
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Fig. 14. A linear depiction and a 3-D representation of human cystathio-
nine f-synthase showing the heme binding domain and the cofactor pyri-
doxal 5'-phosphate (PLP) (PDB 1jbq) (Meier et al., 2001).

DEA-NONOate as NO sources, the Kg for NO binding
was determined to be 281 + 50 uM with a K; of 320 + 60
uM (Taoka and Banerjee, 2001). As both native ligands
are displaced upon NO binding, the question of main-
taining the heme moiety enzyme bound was addressed
by exposing NO-bound enzyme to air, which led to spec-
tral changes consistent with the replacement of NO with
the native ligands. However, in 2014, it was reported
that NO binds ~1000-fold more tightly than previ-
ously reported and >100-fold faster than CO (Vicente
et al., 2014). Using NO gas instead of an NO donor
and static and stopped flow absorption spectroscopy,
the apparent Ky was measured to be <0.23 uM at
25°C. Kinetic measurements revealed that NO gas
quickly binds CBS with an association rate constant
(kop) Of ~8 x 10° M~ s7! forming the Fe(II)-NO- ad-
duct, whereas dissociation occurs at a slow rate with
a dissociation rate constant of (k. of ~0.003 sec-
onds!. In contrast to CO, NO binding is not ham-
pered by the slow dissociation of cysteine 52 from
the ferrous heme. In the presence of oxygen, inacti-
vated ferrous CBS readily reacts with oxygen (1.11 +
0.07 x 10° M~ ! s71), yielding the enzymatically ac-
tive ferric CBS (Carballal et al., 2008).

CO binding abolishes CBS activity via an Arg266-
Thr257/260 helix segment that transduces the signal
from the heme site to the PLP active site. Initially, it
was postulated that CO binding releases Cys52, leading
to the reorientation of the helix lever and thus the mis-
alignment of the PLP cofactor, which eventually dis-
turbs the optimal geometry in the active site (Fig. 15)
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(Puranik et al., 2006). Through Raman spectroscopy
that allows for differentiation between the inactive eno-
limine PLP tautomer and the active ketoenamine tauto-
mer, it was found that CO binding is followed by the
protonation of the thiolate, which disrupts the salt
bridge between Cys52 and Arg266, leading to the dis-
placement of the helix. This ultimately disrupts the sta-
bilizing hydrogen bond between Asnl49 and the
ketoenamine tautomer of PLP, shifting the equilibrium
In favor of the inactive enolimine tautomer (Weeks
et al., 2009). Interestingly, in a study using recombi-
nant full-length human CBS, AdoMet, a known CBS
activator, sensitized CBS to NO and CO, decreasing the
K; of CO from 9.5 = 1 uM in the absence of AdoMet to
0.7 £ 0.1 uM in the presence 500 uM AdoMet (Vicente
et al., 2016). Such findings suggest that CO inhibition
is very unique in terms of how to classify this inhibitor.
It is clearly a noncompetitive inhibitor because it func-
tions as an allosteric inhibitor. However, it also has
some characteristics of an uncompetitive inhibitor in
that binding of a cofactor analog presumably at a re-
mote site enhances its inhibitory activity. As demon-
strated in various studies, the inhibitory potential of
CO on CBS is modulated by several factors such as pH,
AdoMet binding, and redox status of the environment.
The heme cofactor in CBS has a very low reduction po-
tential of —350 mV (Singh et al., 2009). Then there is
the question as to how CBS is converted to the ferrous
form under physiologic conditions. In 2011, a physiolog-
ic reducing system, human methionine synthase reduc-
tase (MSR), was demonstrated to be the reducing
partner in the carbonylation of CBS (Kabil et al., 2011).

2. CBS as a CO Therapeutic Target. Because of the
important role that CBS plays and because of CO’s in-
hibitory effect on CBS, there have been efforts in us-
ing externally applied CO or induced production of
CO as a way to elicit pharmacological actions for ther-
apeutic purposes by targeting CBS. In a 2009 study,
the effect of CO overproduction was examined in mice
through metabolomic analysis of hepatic tissues after
HO-1 induction or exogenous administration of CO
(Shintani et al., 2009). Specifically, hemin (40 umol/kg)
was used to induce HO-1 expression, which presum-
ably led to over production of CO. However, HO-1 has
other functions of its own in addition to CO production.
Nevertheless, HO-1 overexpression led to perturbed
metabolomic profiles, wherein metabolites from the
methionine/remethylation pathway are upregulated
whereas a global decrease in metabolites from the
transsulfuration pathway such as cystathionine was
observed. Acetaminophen-induced overproduction of
CO also led to the suppression of HyS production.
These observations were reproduced in HepG2 cells
treated with 50 uM CORM-2, wherein levels of metab-
olites such as cystathionine were suppressed whereas
methionine pools were maintained. Since CBS is the
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Fig. 15. CO inhibition of CBS. CO binds to the heme prosthetic group in the active form of CBS, leading to the release of the thiolate of Cys52 followed
by protonating and breaking the salt bridge of Arg266. Consequently, the orientations of the helix domain and the PLP cofactor change in favor of the
inactive enolimine tautomer. Therefore, the catalytic activity is inhibited upon CO binding.

rate-limiting enzyme in the transsulfuration pathway,
these findings were interpreted as further support of
the significance of CO’s effects on CBS. Using a rat re-
combinant CBS, application of either CO or NO (both
at 100 uM) led to spectroscopic changes indicating
binding. However, at the concentration tested, only CO
binding, but not NO, resulted in inhibition of CBS ac-
tivity, as measured by conversion of homocysteine to
cystathionine (Shintani et al., 2009). Although in cer-
tain instances, these gases have similar or sometimes
shared biologic propensities, these results emphasize
the distinct regulatory role of CO independent from
the effects of NO. It needs to be noted that HO-1 leads
to the production of biliverdin, bilirubin, and iron in
addition to CO. The accompanying products have their
own effects (Vitek, 2020). Further, ruthenium-based
CORM-2 is known to have activities of its own that are
independent of its ability to donate CO (Yang et al.,
2020b,c; Southam et al., 2021). Very importantly, CO
has many molecular targets as discussed earlier. All of
these mean that one has to exercise caution in attrib-
uting the observed effects to that of CO binding to
CBS.

CO has been demonstrated to cause vasodilation in
peripheral circulation; however, in cerebral microcir-
culation, CO is a vasoconstrictor (Ishikawa et al.,
2005b). This reversal in vasoaction cannot be ex-
plained by the vasodilatory effect of sGC and potassi-
um channels, which are both known CO sensors. CO’s
cerebral vasoconstriction effects were shown to be a

protective mechanism against hypoxia and are medi-
ated through the CO/HO-2 and H>S/CBS axes (Mori-
kawa et al., 2012). First, it was established that the
presence of HO-2 inhibitors led to dilatation of arte-
rioles by 50% and that this effect was reversed after
addition of 100 uM CORM-2. The dilatation observed
with HO-2 inhibition was mirrored by the addition of
30 uM NaHS, a known vasodilator. Furthermore, HO-
2 inhibition in CBS-null mice no longer caused vaso-
dilation, indicating that at basal levels when Oy is
abundant and HO-2 action is not hampered, the gen-
erated CO inhibits CBS-derived production of H,S,
thus preventing vasodilation. Under hypoxic conditions,
cerebral slices of WT mice exhibited arteriolar vasodila-
tion, whereas cerebral slices from HO-2-null and CBS-
null mice had reduced vasodilation. These effects were
also observed in in vivo models, wherein hypoxia-in-
duced vasodilation was impaired in HO-2-null mice
and completely abolished in CBS-null mice. With im-
paired CO production, CBS is uninhibited, thereby pro-
ducing H,S, which in turn dilates arterioles, allowing
more Oy and glucose to the hypoxic brain. The constitu-
tively produced CO from HO-2 under normoxic condi-
tions serves as a “respiratory lock” that is unraveled in
times of hypoxia.

CO inhibition of CBS redirects the metabolic flow
from transsulfuration to alterations in the methio-
nine/remethylation pathway, leading to global pro-
tein methylation (Shintani et al., 2009). In human
monoblastic leukemia cell line U937, treatment with
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100 uM CORM-2 as a CO source led to a statistically
significant decrease in cystathionine concentration,
from 0.02 to 0.15 nmol/g protein, whereas methionine
and S-adenosylmethionine (SAM) concentrations in-
creased from 0.1 to 0.28 umol/g protein and from 0.4
to 0.55 nmol/ug protein, respectively (Yamamoto
et al., 2011). CORM-2 treatment and hemin-induced
CO production both led to global protein arginine
methylation. These studies show that CORM-2, pre-
sumably through CBS inhibition by CO, not only per-
turbs sulfur-metabolism pathways but also the
methionine/remethylation pathway, wherein activa-
tion of protein methylation can lead to various biolog-
ic effects.

One protein target for arginine methylation as a re-
sult of CO/CBS inhibition was identified as phospho-
fructokinase/fructose bisphosphatase type 3 (PFKFB3)
through differential metabolome/fluxome analyses of
13C4-glucose utilization (Yamamoto et al., 2014). HO-1
induction by hemin (25 uM for 6 hours) or CO supple-
mentation through CORM-2 (100 uM for 60 minutes) in
human leukemia cell line U937 caused a change in glu-
cose utilization from glycolysis to the pentose phosphate
pathway (PPP). Relative to basal control, a 50% de-
crease in ®*C-labeled glycolytic metabolites and a 3-fold
increase in '®C-labeled PPP metabolites were observed.
This was thought to be due to inhibition of CBS by CO,
leading to the reduced methylation of PFKFB3 (6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase 3). Un-
methylated PFKFB3 is recognized by the ubiquitin
proteasome system, leading to its degradation. Because
fructose-2,6-bisphosphate is downregulated, phospho-
fructokinase-1, the rate limiting enzyme of glycolysis, is
also negatively affected, leading to a metabolic shift
from glycolysis to the PPP. Though CBS inhibition by
CO decreases GSH synthesis (total amount of GSH),
this CO-mediated shift to the PPP increases NADPH
production, which in turn raises the glutathione/oxi-
dized glutathione (GSH/GSSG) ratio. This increase in
the GSH/GSSG ratio confers chemoresistance to cancer
cells against oxidative stress (Fig. 16). Further CBS
knockdown experiments using xenograft transplanta-
tion of HCT116 cells in superimmunodeficient NOG
mice also revealed that glutathione synthesis is com-
pensated, increasing the ratio of GSH/GSSG to stimu-
late tumor growth due to this shift to the PPP.
However, as discussed above, HO-1 expression and the
use of CORM-2 may have effects beyond simply donat-
ing CO. There are other factors that should be consid-
ered in interpreting the data.

In direct contrast to the increase in the GSH/GSSG
ratio mediated by CBS inhibition in human breast
cancer cell line , a 2017 study reported that CO-medi-
ated CBS inhibition (using a photo-sensitive Mn-
based CORM) in three human breast cancer cell lines
(MCF-7, MDA-MB-468, and Hs 578T) led to a decrease
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Fig. 16. CO inhibition of CBS leads to decreased concentration of sulfur
species such as HyS, cysteine persulfides, and glutathione, resulting in
impairment of cancer cells’ ability to neutralize ROS. CBS synthesizes
cystathionine from homocysteine and serine to generate HyS. Cystathio-
nine is further converted to cysteine by cystathionine gamma-lyase
(CSE). Cystine can be converted to cysteine persulfide by CBS and CSE.
Cysteine persulfide induces Keapl persulfidation and dissociation of the
Keapl-Nrf2 complex. Nrf2 translocates to the nucleus and binds to ARE
to express antioxidative proteins such as glutamate cysteine ligase
(GCL), glutathione synthetase (GS), glutathione reductase (GR), and glu-
cose-6-phosphate dehydrogenase (G6PD). GCL and GS use the cysteine
produced by CBS/CSE to synthesize GSH, which acts as the major antiox-
idative resolution in the cell. GR reduces oxidized glutathione with
NADPH, which can be regenerated from NADP+ by G6PD.

in GSH/GSSG ratio and other processes that promote
GSH synthesis or regeneration from GSSG (Kawahara
et al., 2017). Furthermore, silencing CBS led to suppres-
sion of nuclear factor erythroid-related factor 2 (Nrf2)
gene expression, whereas metabolic products of CBS
such as H,S partially reverse some of these effects, indi-
cating a direct correlation between CBS expression and
Nrf2 gene expression. It is postulated that HyS prevents
repression of Nrf2 gene expression through persulfida-
tion of Kelch-like ECH-associated protein 1 (Keapl)
(Hourihan et al., 2013). Transient overexpression of CBS
in normal human breast epithelial cell line MCF-10A,
which has been previously shown to possess undetectable
levels of CBS mRNA and protein (Sen et al., 2015), led to
increased GSH/GSSG ratio, total GSH, glutathione, and
cysteine. Establishment of the key role of CBS in main-
taining the antioxidant capacity in breast cancer cells
prompted the authors to examine CO as a way to per-
turb this chemoresistance tactic. Using a visible light—ac-
tivated Mn-containing CORM (120 M, [Mn(CO)3]), CO-
mediated CBS inhibition was demonstrated by a de-
crease in steady state levels of total GSH, GSH, and cys-
teine. The impairment of the antioxidant capacity of
breast cancer cells during CO-mediated CBS inhibition
was hypothesized to sensitize breast cancer cell lines to-
ward chemotherapeutic drugs such as doxorubicin
(DOX) that rely on ROS damage for its action (Kawa-
hara et al., 2017). MCF-7 cells exposed to combination
treatment of the [Mn(CO)s3] (121 M) and DOX (1 uM)
exhibited around 50% decrease in viable cell count that
was accompanied by a 37% increase in apoptosis com-
pared with the DOX-only treatment.
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In epithelial ovarian cancer cell lines, overexpression
of CBS to produce cytoprotective metabolites such as
H,S and glutathione was identified as a possible mech-
anism for the development of cisplatin resistance
(Bhattacharyya et al., 2013). Using cisplatin-resistant
cell lines, pharmacological CBS inhibition using light-
induced CO treatment from an Mn-containing photo-
CORM (30 uM, [Mn(CO)3(phen)(PTA)ICF3S03), togeth-
er with 20 uM cisplatin, led to a 2-fold decrease in
cell viability compared with cisplatin-only treatment
(Kawahara et al., 2019b). Addition of N-acetylcysteine
(3 mM) to supply increased levels of cysteine reversed
the sensitization observed, indicating that cysteine is
key in conferring cisplatin resistance. Steady-state levels
of cystathionine, cysteine, and glutathione after CO
treatment all decreased, indicating CO inhibition of
CBS. Levels of metallothionein, a cysteine-rich peptide
that binds and inactivates cisplatin, were also downre-
gulated. Ultimately, it was proposed that CO inhibition
“hijacks” the cancer cell’s ability to accumulate antioxi-
dant equivalents, thereby making it more sensitive to-
ward ROS-based anticancer therapies. The results
described are consistent with this proposal. However,
cancer is a complex disease, and there have been other
hypotheses on how CO affects cancer (Zuckerbraun
et al., 2007; Wegiel et al., 2013). Additional studies in
unifying various postulates will be beneficial to the field.

3. CBS Target Engagement Relative to COHb Lev-
els. In the case of CBS, the level of this hemoprotein
is enhanced in specific tissues such as liver and pan-
creas. In the blood, it is known to be enriched in im-
mune cells, specifically only in neutrophils. Under
normal physiologic conditions, COHb levels hover be-
tween 1% and 2%. In assessing the partitioning of CO
between COHb and CBS using a binary model,
Fig. 17 presents a visual representation of the rela-
tive CO saturation levels using the Ky of 1.5, 4.5, and
45 uM for CBS. These three numbers are from differ-
ent publications (Table 1). In the first scenario of Ky
of 1.5 uM (Puranik et al., 2006), the results are pre-
sented in the upper panel of Fig. 17. In areas where
the T state is predominant, CBS will be 16% occupied
at COHb level of 6%. While in locations where the R
state is favored such as in neutrophils in oxygenated
blood, CBS target occupancy by CO is nearly 0% even
when the COHD level is as high as 100%. These calcu-
lations of binary portioning indicate low target en-
gagement even at supraphysiological concentration of
CO in the blood. Using a Ky of 45 uM described from
a different study, the occupancy picture becomes very
different (Vicente et al., 2016) (Fig. 17, lower panel).
At the capillary ends in the vicinity of peripheral tis-
sues wherein the T state is predominant, there will
only be 1.4% occupancy of CBS even at a COHb level
of 14%. While in locations where the R state is fa-
vored such as in neutrophils in oxygenated blood,
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CBS target occupancy by CO is nearly 0% even when
the COHD level is as high as 100%. These calculations
of binary portioning indicate low target engagement
even at supraphysiological concentration of CO in the
blood. However, the presence of an endogenous sensi-
tizer as in the case of AdoMet for CBS may drastically
alter its affinity toward CO. It was reported that in
the presence of AdoMet, 90% of AdoMet-bound CBS
exhibited lower K4 values (4.5 uM), whereas in the
absence of AdoMet, 80% of AdoMet-free CBS exhib-
ited higher K4 values of (45 uM) (Vicente et al., 2016)
(Fig. 17, middle panel). Under those circumstances,
CBS occupancy by CO is enhanced 10-fold. For exam-
ple, at 6% COHDb, occupancy is raised to 6% in the
presence of AdoMet compared with only 0.6% in the
absence of AdoMet. Although AdoMet is an allosteric
activator of CBS, it also renders CBS more prone to
CO inhibition. Therefore, it is entirely possible that
the CBS-CO signaling axis is an important mecha-
nism for regulatory effects. Furthermore, contribu-
tions from HO-derived CO in the extravascular tissue
may result in drastically higher local CO levels. Much
more work is needed to fully understand the relation-
ship of the varying Ky value for COHb at a particular
location, the affinity of CBS for CO, and the presence
of a sensitizer and its concentration.

C. CO and Cytochrome ¢ Oxidase: Intersection with
ROS Generation and the Mitochondrial
Respiration Chain

Cytochrome c oxidase (COX) is complex IV in the
cellular respiratory chain (Wharton and Tzagoloff,
1967). It functions by transferring electrons and pro-
tons for the reduction of Oy to water. Mammalian
COX consists of 13 subunits and 4 redox centers
(heme a, heme a3, Cup, and Cug) and 3 other redox-
inactive metal ions (Mg?", Zn?" and Na'") (Tsuki-
hara et al., 1995). Cu, is located in subunit II, which
is bound to the membrane surface on the cytosolic
side (Tsukihara et al., 1995). Heme a, heme asz, and
Cug are located in subunit I, which is also attached to
the cytosolic side (Fig. 18).

The electron flow pathway has been determined as: cy-
tochrome ¢ — Cus — heme a — heme a3-Cug binuclear
center, which is the reduction site of oxygen. In the ab-
sence of a conjugation ligand between heme as iron and
Cus, electron transfer was suggested to involve the partic-
ipation of nearby and coordinated amino acids (His and
Tyr) or a direct electron transfer between two metal ions,
as the distance is only 4.5 A (Tsukihara et al., 1995).

The binding site of small molecules such as O,, NO,
and CO is the heme as iron atom. For understanding
the structural features of COX upon binding with these
ligands, there have been detailed studies of conforma-
tional changes by using CO as the representative ligand.
In one study using serial femtosecond X-ray crystallog-
raphy at room temperature (Ishigami et al., 2017), it
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Fig. 17. Estimated CBS saturation levels as a function of the conformational state of COHb and COHb levels. (Upper panel, K4 = 1.5 uM; middle panel,
Ky = 4.5 uM, with AdoMet; bottom panel, K4 = 45 uM, AdoMet-free CBS. Solid lines in the left panel and dashed lines in the right panel represent sce-
narios in the presence of 1%, 6%, and 14% COHb, respectively.) The graphs were generated based on eq. 1 by using Mathematica 12 (codes provided in

Supplemental Appendix 2).

was found that the Fe-C-O angle is bent to around
142°, which is possibly due to the close proximity be-
tween the heme a3 iron center and Cug (Fig. 19). Under
synchrotron radiation at 100 K, CO was dissociated
from the iron center and moved close to Cug. The

distance between Cup and the iron center (heme a3) de-
creased from 5.30 A to 4.92 A compared with that when
CO was bound to heme a3. At the same time, Cug also
moved out from the planar position supported by three
nearby histidine residues. Another significant structural
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of the complex, which mirrors the distribution on other side.

change was observed on Helix-X, which is located be-
tween heme a and heme a3z and contains H378 and
H376 as axial ligands for the two heme domains (Fig.
20). CO binding to heme a3 was observed to induce heme
distortion, leading to the movement of the C pyrrole ring
in heme a3 and therefore resulting in movement of the
V380 residue (on Helix-X) to trigger the Helix-X distor-
tion as well as reorientation of the attached S382 resi-
due. Upon oxidation of heme a, the OH group on the
farnesyl side chain was observed to rotate by 160°, de-
creasing the distance between S382 and the OH group
from ~8 A° to ~3 A° and enabling their interactions
(Fig. 20).

O3 and CO can only bind to the fully reduced heme
as-Cug center, which is different from the cases of NO
and HsS. NO can bind to both the reduced and oxi-
dized states of COX, whereas HsS can only interact
with the oxidized state of the enzyme. Therefore, CO
is a strictly competitive inhibitor of COX toward Os.
There have been extensive studies of the binding con-
stants of CO with COX. For the reduced form of COX
from mammalian heart muscle, the rate constant

Fig. 19. Structure of CO-bound COX determined by serial femtosecond
X-ray crystallography at room temperature. CO is found to bind to the
heme a3 prosthetic group of COX (figure generated from PDB 5w97
using PyMOL).
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Fig. 20. Structural changes of Helix-X induced by heme a3-CO binding.
The heme a and heme a3 bind to the imidazole axial ligands of H378 and
H376, respectively. CO binds to the heme a3, which induces conformation-
al changes to the helix domain, allowing for the interaction of S382 and
the OH group on the farnesyl side chain of the oxidized heme a.

with CO was determined by stopped-flow and flow-
flash methods. By using the Yonetani preparation
method (Yonetani, 1960, 1961), the second-order rate
constant for the on-reaction was determined to be
7.2 x 10* to 7.8 x 10* M ' s~ ! at around 21°C in PBS
(pH = 7.4) (Gibson and Greenwood, 1963). The disso-
ciation constant between reduced COX and CO was
measured through displacement by NO by taking ad-
vantage of the higher affinity (Ky, = 0.2 nM) of NO
toward reduced COX and its known rate constant of
approximately 4 x 107 M~! s1. As such, the off-rate
constant for CO was determined to be 0.023 seconds™*
(Gibson and Greenwood, 1963), which is similar to
that of NO (0.02 seconds™!). The K4 between CO and
COX was calculated to be around 0.3 yM. By monitor-
ing the oxygen-binding kinetics under various partial
pressures of CO, the K; of CO for COX toward O,
(lower than 4 M) was determined to be 0.32 uM (Pe-
tersen, 1977). Due to competitive inhibition of COX
by CO, it was proposed that besides hemoglobin, COX
is also a target of human acute CO poisoning (Mir6
et al., 1998).

Along the subject of CO poisoning, the activities of
COX and other mitochondrial respirational complexes
were analyzed from lymphocytes of three patients suf-
fering from CO poisoning (Miré et al., 1998). In this
particular study, when the average COHb level was
around 17% during the acute phase, the COX activity
was inhibited by 70%. After 3 days, the COHb level
decreased to around 2.1%, whereas the COX activity
was still ~60% of the basal levels. Some symptoms,
including nausea and weakness, still existed. After 12
days, all symptoms disappeared, COX activity recov-
ered, and the COHb level was 1.9%, which was almost
the same as that on day 3. It should be noted that the
activity of complexes I-III was normal during the
study. Such results reinforce the idea that COX
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inhibition by CO is one of the reasons for CO poison-
ing-related symptoms, which are not synchronized
with the normalization of the COHb level. Further,
the authors suggested that such persistent inhibition
of COX by CO might be due to CO-induced reduction
of cytochrome a3 and Cug (Ellis et al., 1986).

Inhibition of COX by CO was also studied using iso-
lated mitochondria from human muscle. Specifically,
samples were incubated with various concentrations
of CO for 5 minutes followed by measuring the activi-
ties of the four complexes in the respiratory chain.
Exposure to 50, 100, and 500 ppm of CO for 5 minutes
led to decreases of COX’s activity by 20%, 42%, and
55%, respectively (Alonso et al., 2003). However, the
same treatment (50-500 ppm CO) did not show any ef-
fects on the activities of complexes I-III. Similar inhib-
itory effects were also observed at the cellular level.
For example, in human embryonic kidney (HEK)293
cells, exogenous CO solutions (5—20 uM prepared using
CO gas) showed inhibition of cellular respiration in a
concentration-dependent manner (D’Amico et al.,
2006). Upon treatment with 20 uM CO solution, the
oxygen consumption rate decreased by 40% under am-
bient oxygen conditions. The inhibition lasted for at
least 30 minutes after addition of CO solution. Under
hypoxic conditions (1% oxygen), the same concentra-
tion (20 uM) of CO solution inhibited the respiration
by 75%. Consequently, the K; values of CO in inhibit-
ing COX in HEK293 cells were determined to be 1.44
uM and 0.35 uM under normal and hypoxic conditions,
respectively. To study the effect from endogenous CO
production, tetracycline was used to induce the expres-
sion of HO-1 in HEK293 cells, which led to a 12% de-
crease in the rate of respiration compared with
noninduced HEK293 cells under ambient conditions.
COX activity in cells with induced HO-1 overexpres-
sion was also measured. A 23% reduction was observed
under normoxic conditions. Under hypoxic conditions,
the inhibitory effect on respiration was decreased by
70%, whereas HO-1 expression still remained at the
same level compared with the cells under ambient con-
ditions. Such results suggest that the enhanced inhibi-
tory effects on respiration under hypoxic conditions
might come from the increased binding between CO
and COX at lower oxygen concentrations.

The effect of CO on COX was also studied in isolated
nonsynaptic mitochondria from rat cerebral cortex and
astrocytes. In one study, CO gas dissolved in solution
was employed. Upon incubation in 10 uM CO solution,
the activity of COX in isolated mitochondria from rat
cerebral cortex slightly dropped (by around 5%) within
5 minutes and then reverted and increased by around
20% and 5% at the 30-minute and 60-minute time-
points, respectively, compared with the control group
(Almeida et al., 2012). For astrocytes, the cells were
first treated with 50 uM CO solution for 3 or 24 hours
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followed by isolation of the mitochondria and determi-
nation of the COX activity. It was found that at such
CO concentrations, the activity of COX in astrocytes in-
creased by around 10% and 40% at the 3- and 24-hour
timepoints, respectively. Along with activation of COX
in astrocytes, 50 uM CO solution also increased the oxi-
dative metabolism, as revealed by a decreased level of
lactate production/glucose consumption ratio and in-
creased oxygen consumption rate after 36 hours of
treatment. Additionally, stimulation of mitochondrial
biogenesis was also observed in astrocytes after CO
treatment by monitoring the amount of mitochondrial
coding gene for cytochrome b. Specifically, studies using
quantitative real-time PCR showed that mitochondrial
cytochrome b DNA increased by 50% 3 hours after
treatment with CO solution. A slight drop of the cyto-
chrome b DNA quantity was also observed at the 24-
hour timepoint. However, the overall increase was still
around 50%. Furthermore, B-cell lymphoma 2 (Bcl-2)
protein expression was found to be essential in modu-
lating COX activity by CO. By transfecting the small
interfering RNA (siRNA) for Bel-2 to astrocytes, no in-
crease of the COX activity was observed after the
same treatment with a CO solution. However, the de-
tailed mechanism on how Bcl-2 is involved in CO and
COX interactions in astrocytes was not discussed. In
isolated mitochondria from mouse liver, CO was also
found to show time-dependent biphasic effect on COX
activity. In the presence of 10 uM CO solution, COX ac-
tivity first decreased by 50% in the first 10 minutes
and then increased by around 20% at the 30-minute
timepoint.

In RAW 264.7 macrophages, treatment with exoge-
nous CO gas was shown to elevate the level of ROS
by suppressing the activity of COX (Zuckerbraun
et al., 2007). Specifically, RAW 267.4 cells were incu-
bated with 250 ppm of CO gas for 1 hour followed by
determination of the COX activity. As indicated by a
microtiter assay (reduced cytochrome ¢ was used as
the substrate) (Chrzanowska-Lightowlers et al., 1993),
the COX activity was inhibited by 50%. Under the
same conditions, the ROS level in cells also increased in
a dose-dependent fashion in the range of 50-500 ppm
CO. To investigate if the generation of ROS was caused
by CO’s inhibitory effect on COX, RAW 264.7 cells were
pretreated with various inhibitors of components of
the respiration chain or NADPH oxidase before CO
exposure. It was found that only antimycin A, a known
complex III inhibitor, decreased the ROS level after
CO treatment as revealed by a dichlorofluorescein
(DCF) fluorescence assay, whereas inhibitors of other
components of the electron transport chain or NADPH
oxidase did not show any effects. Such results suggest
that CO-induced generation of ROS is due to its inhibi-
tory effects on COX.

¥202Z ‘€2 |11dy uo sjeudnor 134SY e Blo'sfeulnofiadse: raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org

854

LPS is known to stimulate p38 MAPK phosphoryla-
tion and tumor necrosis factor alpha (TNF-x) secre-
tion. In this study, it was found that the increased
p38 phosphorylation (2.37 + 0.55-fold) induced by
LPS was further elevated to 5.7 + 0.87-fold upon ex-
posure to CO gas. Pretreatment with polyethylene
glycol-superoxide dismutase (PEG-SOD) and PEG-
catalase led to a reduction of this augment to 3.6 =
0.64-fold, suggesting that the effect of CO on LPS-in-
duced p38 MAPK phosphorylation might be related to
the generation of ROS. Additionally, elimination of
ROS by PEG-SOD and PEG-catalase also affected the
inhibition of LPS-induced TNF-« secretion by CO. Un-
der normal conditions, CO treatment was able to re-
duce TNF-o secretion in LPS-stimulated RAW 264.7
cells from 900 pg/ml to 300 pg/ml. However, in the
presence of PEG-SOD and PEG-catalase, TNF-a con-
centration only decreased to around 700 pg/ml after
the same CO treatment. Complex III inhibitor anti-
mycin A also attenuated CO’s effects on LPS-induced
p38 phosphorylation and TNF-« secretion. Based on
these results, it was suggested that the inhibition of
COX by CO stimulated ROS production, which is an
important regulator for CO to elevate p38 phosphory-
lation and diminish TNF-a secretion in LPS-treated
RAW 264.7 cells.

In addition to CO gas or dissolved CO solution,
CORMs were also used as CO surrogates to evaluate
their effects on COX. In isolated mitochondria from
rat heart, 100 ytM CORM-3 reduced the activity of
COX by 50% and no effect was observed from 20 uM
CORM-3 or 100 uM iCORM-3 (Lo Iacono et al., 2011).
Additionally, neither 20 yM nor 100 yM CORM-3
showed any effects on complexes I-III. However, 20
uM CORM-3 led to an increase of State-2 respiration
rate by almost 100% and a decrease of State-3 respi-
ration by around 20%, which indicate the involvement
of other molecular targets during the regulatory pro-
cess of mitochondrial respiration by CORM-3. In hu-
man endothelial cell line EA.hy926, CORM-2 was
reported to elevate the production of ROS in mito-
chondria through inhibition on COX (Yeh et al.,
2014). In the presence of 25 uM CORM-2, intracellu-
lar ROS formation significantly increased, as revealed by
a peroxide-sensitive fluorescent probe known as 6-car-
boxy-2’,7-dichlorodihydrofluorescein diacetate (carboxy-
DCFDA). A lucigenin-based chemiluminescence method
also showed an increase of around 2.5-fold based on the
chemiluminescence intensity induced by superoxide spe-
cies after 1 hour of incubation with 25 uM CORM-2. Pre-
treatment with complex III inhibitor (antimycin A)
decreased CORM-2-induced chemiluminescence to the
same level as that in the control group; an NADPH oxi-
dase inhibitor, apocynin, did not induce any changes on
the superoxide level. All of these were proposed to sug-
gest that ROS might come from the inhibition of COX by
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CORM-2. Intracellular concentrations of GSH and GSSG
were also measured after incubation with CORM-2 for
1-12 hours. The concentrations of both GSH and GSSG
increased. However, the overall GSH/GSSG ratio de-
creased by around 20%, which led to an overall elevated
level of protein glutathionylation. Upon incubation with
CORM-2 for 1 hour, the level of glutathionylated p65 in-
creased for the period between 1 and 12 hours. It was
also found that glutathionylation was related to inhibi-
tion of NF-kB. Transfection of the cells with mutant
Cys38 p65 diminished the inhibitory effect on NF-xB. To
further probe the effect from CORM-2-induced oxidative
stress, cells were pretreated with the antioxidant enzyme
catalase before addition of CORM-2. A significant de-
crease of p65 glutathionylation and nuclear transloca-
tion was found. Such results were proposed to suggest
that ROS formation due to COX inhibition is an impor-
tant factor in CORM-2-mediated biologic effects. How-
ever, all of these will also need to be examined in the
context of the newly discovered chemical reactivity of
ruthenium-based CORMsS, as described earlier (South-
am et al., 2018, 2021; Yuan et al., 2020, 2021a).

For visualization of the relative CO saturation lev-
els, we have created 3-D and contour plots to allow
for intuitive assessment, using a K4 value of 0.3 uM
for binding between reduced COX and CO (Fig. 21).
Under normal physiologic conditions, when COHb
level is around 1%, CO-COX percentage can reach up
to around 13% when Hb is in the T state (Kq = 4.5
uM). When COHb level is at 14%, which is the high-
est level approved for human use of CO, around 70%
of the reduced COX can be bound with CO, assuming
Hb is in the low-affinity T state (Kq = 4.5 uM) and
the amount of available CO is not a limiting factor. If
COHb is in the high-affinity R state (Kq = 0.7 nM),
then there is minimal inhibition of COX (~0.03% CO-
COX percentage) by CO even at 14% COHb level.
This indicates that exogenous delivery of CO may al-
low for a substantial level of COX inhibition under
certain conditions that allow Hb to stay mostly in the
low-affinity T state.

In summary, the structure of CO-bound COX has been
extensively studied and characterized. As summarized in
Table 2, the effects of CO on COX activity seem to be dif-
ferent under various conditions. Studies also suggest that
CO has more than one target/pathway in regulating COX
activity. Recently, several studies reported that rutheni-
um-based CORMs are chemically reactive and have their
own activities that are independent from CO (Southam
et al., 2018, 2021; Yuan et al., 2020, 2021a,b). Such find-
ings might suggest the need to reassess the results from
studies using CORM-2/CORM-3 as CO donors in the con-
text of their effects on COX. At this point, it is also impor-
tant to point out the difference in time-dependent studies
between CO in solution and nonvolatile small organic
molecules (as ligands). In the latter case, the concentration

¥202Z ‘€2 |11dy uo sjeudnor 134SY e Blo'sfeulnofiadse: raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org

Molecular Mechanisms of CO-Mediated Signaling 855

CO-COX%
100

_13% 49%  T1%

=
co-cox% 28
98.1 =
. 81.9
65.7
49.5
333

'17-1 0.7niv S L, N
0.9 0.1 05 1 5 10

COHb%

50 100

Fig. 21. Estimated COX saturation levels as a function of the conformational state of COHb and COHb levels. Solid lines in the left panel and dashed
lines in the right panel represent scenarios in the presence of 1%, 6%, and 14% COHDb, respectively. The graphs were generated based on eq. 1 by using

Mathematica 12 (codes provided in Supplemental Appendix 2).

of the small-molecule ligand in solution is not expected to
change. However, in the case of a volatile molecule such as
CO, the concentration is sustained only for a short period
of time and is expected to decrease rapidly with time due
to exchanges with the atmosphere. Therefore, the treat-
ment time concepts are different for these two scenarios.
Along a similar line, studies using CO gas are also

different. Most of the time, incubation while exposed to a
constant level of CO in air does allow for a sustained ex-
posure concentration. Therefore, target exposure is not
expected to change under such circumstances. These dif-
ferences also show the complexity in interpreting and
comparing data of CO experiments when CO treatment
conditions or CO sources are different.

TABLE 2
The effects of CO and CORMs on COX
Study Reference CO Source Preparation Effect
(Mir6 et al., 1998) CO gas Analysis of lymphocytes from acute CO Inhibition by 76% at 17% of COHb
poisoning patients
(Alonso et al., 2003) CO gas Incubation of isolated human muscle Inhibition level: 20%-55%

(D’Amico et al., 2006)

(D’Amico et al., 2006)

(Almeida et al., 2012)

(Queiroga et al., 2011)

(Zuckerbraun et al., 2007)

(Lo Iacono et al., 2011)

(Yang et al., 2020a)

Dissolved CO

Induced HO-1

Dissolved CO

Dissolved CO

CO gas

CORM-3

CORM-2

mitochondria with 50-500 ppm of CO
HEK293 cells were incubated with 5-20
uM CO solution.

HO-1 expression was induced by
tetracycline in HEK293 cells.

Isolated mitochondria from rat cerebral
cortex and astrocytes were incubated
with CO gas solution of various
concentrations.

Isolated mitochondria from mouse liver
were treated with CO gas solution.

RAW 267.4 cells were exposed to 250
ppm CO gas for 1 h.

Isolated mitochondria from rat heart
were incubated with CORM-3.

Human endothelial cells (EA.hy926)
were incubated with 25 yM CORM-2.

CO gas solution incubation for 5
min: normoxic conditions =
inhibition by 40% (20 uM CO);
hypoxic conditions (1% oxygen) =
inhibition by 75% (20 uM CO)

HO-1 induction: normoxic
conditions = inhibition by 23%;
hypoxic conditions (1% oxygen) =
inhibition by 70%

Incubation with CO gas solution led
to a slight inhibition for a short
term (first 5 min) and a long-
term activation (up to 60 min in
isolated mitochondria and 24 h in
astrocytes).

10 uM CO gas solution inhibited
COX activity by 50% in the first
10 min and increased COX
activity by 20% at 30 min.

COX activity was inhibited by 50%.

100 uM CORM-3 reduced the
activity of COX by 50%. However,
20 yM CORM-3 did not show any
effects.

COX activity was not directly
measured. Cellular ROS
production induced by CORM-2
was diminished by incubating
with antimycin A.
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D. CO and Cytochrome P450: The Effect on Drug
Metabolism?

In using CO as a therapeutic agent, one question
that often comes up is the potential effect on the ma-
jor metabolizing enzyme, cytochrome P450, inhibition
of which could pose major drug-drug interaction is-
sues. With P450 being a heme-containing enzyme,
this concern is natural. Indeed, carbon monoxide has
been reported to inhibit CYP450 (Wang, 1998). How-
ever, most such studies were conducted using purified
enzymes or enzyme preparations (Kuthan and Ull-
rich, 1982; Krikun and Cederbaum, 1985) under non-
physiologic conditions (Ortiz de Montellano and
Correia, 2005; Nakao et al., 2008). For example, Lee-
mann reported CO’s inhibition of P450DB1, P450TB,
and P450NF with Warburg partition coefficients of
0.35, 1.1, and 3.9 uM, respectively (Leemann et al.,
1994). One important issue to consider with regard to
possible P450 inhibition is to quantitatively examine
the binding constant(s) or dissociation constant(s)
(Ky) of the various CO targets in the context of COHb
levels. CO binds to CYP450 with Ky values in the
range of 3-10 uM (Debey et al., 1973). In comparison,
the K is 1.7 and 0.7 nM for CO binding with the o-
and f-subunits of Hb in its high-affinity R state, re-
spectively; 29 nM with Mb; 0.2 nM with WT Ngb; 1-2
uM with neuronal PAS domain protein 2 (NPAS2) in
Per-Arnt-Sim (PAS)-A; 21 M with PAS-B; and about
1 uM with CBS, as discussed earlier. Considering the
high abundance of Hb (mM range) and the high rela-
tive (and absolute) affinity of Hb over CYP450 (2700-
to 14,000-fold) for CO, the proportion of CO that is
bound to CYP450 is expected to be small under non-
saturating conditions and therapeutically relevant
COHb levels. Therefore, the extent of P450 inhibition
is expected to be minimal under normal physiologic
conditions. Of course, nitrosylation (Fago et al., 2013)
and allosteric effectors (Gong et al., 2006; Song et al.,
2008; Yonetani and Laberge, 2008; Kanaori et al.,
2011; Lal et al., 2017) are known to affect Hb’s affinity
for CO and Oy and could complicate the actual effects
of these numerical relative affinities in vivo. One spe-
cific example probably also helps to indicate P450’s
tolerance of CO; P450 itself is known to catalyze lipid
peroxidation, leading to CO production (Archakov
et al., 2002). Overall, we do not feel that therapeutic
levels of COHb would pose meaningful CYP450 inhi-
bition issues, especially if the high-affinity R state is
the dominant population.

E. Carbon Monoxide Inhibits Indoleamine-Pyrrole
Dioxygenase: Another Pathway in Regulating Immune
Responses?

Indoleamine-pyrrole dioxygenase (IDO) is the rate-
limiting enzyme that transforms tryptophan to ky-
nurenine (Kyn) in immune cells such as macrophages,
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monocytes, and dendritic cells. It has been reported
that up to 90% of dietary L-Trp is catabolized via the
kynurenine pathway (Bertazzo et al., 2001). IDO-in-
duced tryptophan degradation inhibits the prolifera-
tion of T cells and promotes T cell cycle arrest and
apoptosis. Inhibition of IDO activity in graft-tolerant
rats has been shown to lead to rapid graft rejection.

Catabolites of L-Trp are capable of promoting im-
munosuppression and tumor tolerance in cancer, for-
mation of cataracts, human immunodeficiency virus
(HIV)-related neurologic damages, and ischemic brain
injury (Kolawole et al., 2015). For example, tumor
cells that overexpress IDO are known to suppress
host T cell immunity in the tumor microenvironment
by depleting tryptophan and generating cytotoxic Kyn
to suppress T lymphocytes and natural killer (NK) cells
(Frumento et al., 2002). As an immune checkpoint pro-
tein, IDO is recognized as a promising drug target for
cancer therapy, autoimmune diseases, and immunosup-
pression for transplantation. Along this line, inhibition
of IDO has been shown to induce T cell proliferation
and tumor regression in animal models. As such, there
have been dozens of IDO inhibitors clinical trials for
various cancer treatments (Moon et al., 2015).

IDO is a heme-containing oxidase that uses molecu-
lar oxygen to oxidize tryptophan, leading to N-formyl-
L-kynurenine (NFK), which undergoes hydrolysis to
release Kyn (Fig. 22).

The catalytic mechanism for the oxidation reaction
has been studied in detail by Smirnov et al. (Kolawole
et al., 2015). It was found that this is a random bisub-
strate reaction and would yield the desired product
regardless of the binding sequence (Kolawole et al.,
2015). CO is known to bind to IDO (Yanagisawa et al.,
2010), either in the free form or tryptophan bound
form, to inhibit its catalytic activity. However, there
has been no report of the binding affinity for CO or
the biologic implications of such binding. Therefore, it
is hard to assess the physiologic and/or pathologic sig-
nificance of CO binding to IDO or conditions needed
for such binding to be biologically significant in vivo.
However, it is certain that due to the importance of
IDO in immunoregulation and tumorigenesis, there is
a need to study the possible regulatory role of CO and
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Fig. 22. IDO catalyzes the formation of kynurenine from tryptophan.
IDO is a heme-containing oxidase that uses molecular oxygen to oxidize
tryptophan leading to N-formyl-L-kynurenine (NFK), which undergoes
hydrolysis to release kynurenine (Kyn).
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its associated therapeutic effect by inhibiting IDO
(Zhang et al., 2020).

VI. Neuronal PAS Domain Protein 2:
Intersection with the Circadian Clock

NPAS2 belongs to the basic helix-loop-helix (bHLH)
family of transcription factors that dimerizes with
brain and muscle Arnt-like protein 1 (BMAL1) to bind
DNA and initiate the transcription of hundreds of
genes, including those for circadian rhythm regula-
tion (Zhou et al., 1997). Consisting of 824 amino acids,
NPAS2 contains the bHLH DNA-binding region in
the N-terminal domain and the two PAS domains
named PAS-1 and PAS-2 (Ascenzi et al., 2004). Both
domains bind heme, which controls DNA binding (Di-
oum et al., 2002). NPAS2, similar to the circadian lo-
comotor output cycles kaput (CLOCK) transcription
factor, takes cues from the environment such as light
to regulate gene expression. Both transcription fac-
tors share closely similar primary sequences and form
heterodimers with BMALLI as a response to intracellular
redox potential changes. NPAS2/CLOCK-BMAL1 hetero-
dimers then bind to the E-box region, activating the tran-
scription of molecular clock components such as period
(Per) and cryptochrome (Cry). Per and Cry translocate to
the cytosol and propagate the circadian rhythm cascade.
To close the loop, accumulated Per and Cry are either
ubiquitinated or form heterodimers that act as negative
regulators of CLOCK/NPAS2-BMAL1, completing the
transcriptional-translation feedback loop (TTFL) that
maintains the rhythmic ~24-hour expression (Fig. 23).

A. CO Binding to NPAS2

Because of the ability of NPAS2 to bind to heme in
both domains, low micromolar concentrations of car-
bon monoxide were shown to inhibit binding activity
of holo-NPAS2 but not apo-NPAS2 (Dioum et al.,
2002). Prior to the first report of CO binding to the
heme domains in NPAS2, it was already known that
brain regions expressing NPAS2 exhibit enhanced ex-
pression of HO-2 (Vincent et al., 1994). Furthermore,
aminolevulinic acid synthase, the rate-limiting step
in heme biosynthesis, is under circadian control (Kaa-
sik and Lee, 2004). In 2002, NPAS2 was serendipi-
tously found to include an HBD that influenced the
activity of another domain of the protein. For each
monomer of NPAS2, there are two heme groups with
deoxy absorption spectral characteristic of six-coordi-
nated heme-iron complex with two axial ligands from
amino acid side chains. Resonance Raman spectroscopy
identified histidine as the axial ligand trans to CO in
the PAS domain (Tomita et al., 2002). In vitro, CO binds
to these HBDs with Ky of 1-2 uM for NPAS2 in PAS-A
and 21 uM for PAS-B (Dioum et al., 2002). Further prob-
ing through an in vitro DNA binding assay revealed
that at least 3 uM CO impairs DNA binding by blocking
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Fig. 23. The transcription-translation feedback loop in the CLOCK/
NPAS2-BMAL1 and Per-Cry circadian clock system. NPAS2/CLOCK-
BMALI1 heterodimer binding to the E-box region transactivates circadian
clock proteins such as Period (Per), Cryptochrome (Cry), and other clock-
controlled genes (CCGs). Per and Cry translocate to the cytosol and prop-
agate the circadian rhythm cascade. Accumulated Per and Cry are either
ubiquitinated or form heterodimers, which negatively regulate the func-
tion of NPAS2/CLOCK-BMALL.

heterodimer formation of NPAS2 with BMAL1 favoring
unproductive homodimerization of BMALL (Fig. 24). In-
hibition by CO at this concentration agrees well with
CO saturation of heme in NPAS2. In addition to CO reg-
ulation, the transcriptional activity of NPAS2-BMAL1
heterodimerization is also regulated by the cellular re-
dox balance (Fig. 24). Low NADPH/NADP ratio also has
the same effect as CO-heme-mediated inhibition of
DNA binding. Under reducing conditions, NPAS2 dis-
rupts the unproductive homodimeric BMAL1 complex to
form the DNA-binding NPAS2-BMAL1 heterodimer.
NPAS2’s ability to sense cellular redox state occurs to
the same extent with or without heme. This indicates
that NPAS2 has a separate redox-sensing mechanism
distinct from that mediated by heme. Notably, NO, an-
other common heme ligand, did not bind NPAS2 at
physiologic concentrations, whereas O, reacted irrevers-
ibly (Dioum et al., 2002). In 2018, CO was also shown to
bind to the heme prosthetic of the CLOCK transcription
factor with an association rate constant (k,,) of 3.1 x
10 M~ 157! (Lukat-Rodgers et al., 2010), and the Ky
was estimated to be about 0.1 mM in a study by Mine-
gishi et al. (2018).

B. CO Modulation of the Circadian Clock

In 2009, using a yeast model, CO’s role as an endog-
enous cue in the control of metabolic state and biolog-
ic rhythm was demonstrated (Tu and McKnight,
2009). Pulsed administration of CO in the temporal
window when it was predicted to be generated induced
a phase advancement into the oxidative phase and re-
spiratory metabolism. After this, robust metabolic cycles
of temporal dimensions resumed. Targeted deletion of
HO revealed that HO-deficient yeast, despite being fully
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Fig. 24. Cellular redox status and CO-mediated regulation of circadian
gene transcription. (A) Reducing redox status favors the heterodimeriza-
tion of NPAS2 and BMAL], forming an activated transcriptional complex
for various circadian clock genes. (B) HO-2—generated CO (represented
by the black dots) diffuses through cell membrane into the nucleus to
bind to the heme domain of NPAS2, thereby deactivating the transcrip-
tional complex. Figure reprinted with permission from Boehning and
Snyder (2002).

capable of chemostat growth, exhibited prolonged period
length by 25% compared with wild-type cells.

The effects of sunlight-induced release of CO in
ophthalmic venous blood on the expression levels of
clock genes in hypothalamic structures were studied
in domestic pig and wild boar crossbreeds. Infusion of
autologous plasma with elevated levels of CO (three
times the control, exact concentration not defined)
through a catheter to the right dorsal nasal veins of
the crossbreeds alters the expression of clock genes
(Perl and 2, Cryl and 2, and Rev-erb o and f) and
the genes of their regulators (Bmall, Npas2, Clock,
and Retinoic acid-related orphan receptor f). The re-
sponse to elevated CO levels varied between the gene
involved, type of hypothalamic region, time of day
and season. Among the genes tested, only Perl ex-
pression (light-regulated) increased with treatment of
CO regardless of time of day and season (Gilun et al.,
2013). In this study, it was also noted that the master
clock machinery of the experimental animals was de-
regulated after CO treatment.

The role of heme catabolism and thus CO in circadi-
an transcription and dynamics was revealed in a
study in 2016 (Klemz et al., 2017). A firefly luciferase
assay for a Bmall promoter fragment in dexametha-
sone-synchronized human osteosarcoma cell line (U2-
0OS) indicated that HO inhibitor cobalt protoporphyrin
(CoPP), but not hemin, resulted in a CoPP-dependent
lengthening of circadian period by 1.5 hours relative
to the control. Because both treatments would in-
crease heme levels, it was surmised that it was not
heme but heme degradation products that could be
the link to circadian dynamics. Measurement of the
circadian transcript levels of CLOCK/NPAS2-BMAL1
target genes in primary fibroblast isolated from HO-1
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knockout mouse revealed the upregulation by 1.5- to
6-fold of the target genes. To verify that the observed
upregulation of circadian clock genes was due to CO,
primary fibroblasts from wild-type mice were treated
with either continuous exposure to 6% CO from 0 to
48 hours or acute exposure using 100 yM (CORM-2).
Very little difference was observed with both CO treat-
ments versus control. In contrast, a substantial de-
crease in the transcript levels was observed with both
treatments when HO-1 knockout mice were used. Fur-
thermore, it was shown that depleting endogenous CO
from both HO-1 and HO-2 led to upregulation of target
genes of CLOCK-BMAL1 and also increased gluconeo-
genesis in human and mouse hepatocytes. These obser-
vations even broaden the potential impact of CO
encompassing circadian clock regulation, metabolism,
and behavior. In a recent study, CO level changes in fe-
male volunteers in response to sunlight was reported
(Oren et al., 2020).

In 2017, Otterbein and colleagues showed that sub-
arachnoid hemorrhage (SAH) disrupts the naturally
occurring oscillation of circadian rhythm. In SAH,
clock genes such as Perl and 2 and NPAS2 were sig-
nificantly elevated, leading to the disruption of central
and peripheral organ rhythmicity. The dysregulation
of clock gene expression observed after SAH was alle-
viated by the addition of exogenous CO (200 ppm every
24 hours for 7 days), with the restoration of Perl,
Per2, and NPAS2 expression and reduction of neuronal
apoptosis (Schallner et al., 2017). In a bilateral kidney
ischemia reperfusion injury (IRI) model, CO in various
delivery forms—CO gas (250 ppm), HBI-002 (0.2 mg/
kg by mouth), and CO prodrug BW-CO-101 (100 mg/’kg
i.p.)—was shown to abolish kidney IRI and accelerate
tissue recovery (Correa-Costa et al., 2018). This effect
was shown to occur through purinergic signaling in-
volving increased cluster of differentiation (CD)39 ecto-
nucleotidase expression, which in turn leads to a
greater than 20-fold increase in the expression of Per2
and 5-fold increase in serum erythropoietin (EPO)
(Fig. 25). CO-mediated increase in Per2 expression via
downregulation of Al receptor expression and upregu-
lation of A2 receptor signaling led to stabilization of
HIF-1a. This cascade ultimately results in increased
circulating levels of its target gene EPO, which ulti-
mately imparts renoprotective effects. Interestingly,
EPO has been previously shown to positively regulate
HO-1 expression, suggesting a feed-forward loop am-
plification of CO (Burger et al., 2009; Correa-Costa
et al., 2018).

In some of the studies, the role of CO in circadian
clock regulation has been explored through HO-1 in-
hibition. However, other components of the HO-1 sys-
tem such as heme itself have also been reported to
affect the circadian rhythm (Kaasik and Lee, 2004).
Moreover, NADPH, a key regulator of the circadian

¥202Z ‘€2 |11dy uo sjeudnor 134SY e Blo'sfeulnofiadse: raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org

Molecular Mechanisms of CO-Mediated Signaling

clock (Yoshii et al., 2015), is consumed as HO catabo-
lizes heme to CO. Therefore, a pseudo-knockdown ap-
proach using hemoCD1, an iron(II)porphyrin with
per-O-methyl-f-cyclodextrin dimer that effectively
scavenges CO (Ky of 0.02 nM), was used to study the
effect of removal of endogenous CO on the circadian
clock system. Intraperitoneal administration of he-
moCD1 led to the transient decrease in endogenous
CO levels. Under these lower-than-normal CO levels,
the transcriptional activities of BMAL1l: CLOCK(-
NPAS2) was enhanced, resulting in the upregulation
of E-box—controlled clock genes such Per, Cry, and
Rev-erb (Minegishi et al., 2018). As hemoCD1 strips
CO from hemoproteins, oxyHb is readily oxidized by
plasma ROS to MetHb. Because MetHb is prone to
heme dissociation, free heme accumulates, which in
turn induces HO-1 activation. After a short CO-deplet-
ed state, the amount of endogenous CO significantly
increases through HO-1 activity, leading to the eventu-
al downregulation of the E-box—regulated clock genes.
Although it has been established that CO indeed
plays a role in the modulation of the circadian clock,
more studies are needed to establish NPAS2/CLOCK
as viable molecular targets of CO. Further, the circa-
dian rhythm is known to have significant impacts on
various pathologies (Musiek and Holtzman, 2016; Na-
garajan et al., 2017; Aziz et al., 2021; Rouzbahani
et al., 2021; Wang and Li, 2021) and treatment out-
comes (Qian et al., 2021; O’Brien and Dolan, 2022).
One wonders how consideration of the link between
the circadian clock and CO’s effects might be incorpo-
rated into future studies. Detailed mechanistic stud-
ies are needed to elucidate how CO binding leads to
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Fig. 25. During tissue hypoxia, the upregulated ectonucleotidases CD39
and CD73 convert extracellular ATP to adenosine as an adaptive re-
sponse. Adenosine activates adenosine receptors, including Al and A2a/
A2b, which differentially act on the adenylate cyclase. Activation of Al in-
hibits adenylate cyclase through coupled inhibitory G protein, whereas
activation of A2a/A2b stimulates adenylate cyclase to generate cAMP
from ATP. CO is protective in mouse models of kidney IRI through upre-
gulation of CD39 ectonucleotidase expression, decreasing Al expression,
and increasing A2 expression, which lead to cAMP-mediated stabilization
of Per2 and HIF-1o0 and upregulation of EPO gene transcription. A feed-
forward loop is postulated, wherein EPO stimulates expression of HO-1,
which can further increase CO through heme degradation.
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conformational changes in NPAS2 and how this in
turn leads to alteration in protein function.

VII. CO and Ion Channels

CO has been reported to modulate the activity of
various ion channels. Mechanistic studies show differ-
ent pathways by which CO inhibits or activates ion
channels. The ruthenium-based CORMs known as
CORM-2 and CORM-3 were widely used as surro-
gates of CO in related mechanistic studies. However,
some published work suggests that these CORMs reg-
ulate the activity of ion channel in a CO-independent
mechanism (Jara-Oseguera et al.,, 2011; Gessner
et al., 2017). As such, the following discussions draw
a distinction between the results from CO gas and
CORMs and focus more on the studies on the former.

A. CO Interacts with Heme and the Heme-Binding
Domain on Ion Channels

Heme binding motifs (HBMs) have been identified
within ion channels, including large conductance calci-
um-activated potassium (BKcg,) channels (Tang et al.,
2003), ATP-sensitive K™ (Karp) channels (Burton et al.,
2016), and voltage-gated potassium (Kv) channels (Bur-
ton et al., 2020). Several studies have shown that CO
can modulate ion channel activities via heme binding.

BKca channels transfer potassium ions across the
cellular membrane in a calcium-dependent fashion.
The channel consists of four pore-forming subunits
that are encoded by the Slol gene. Three functional
domains (the voltage-sensing domain, pore-gate do-
main, and cytosolic domain) are located on either the
membrane or the cytosolic side. The cytosolic domain
contains two calcium-binding sites and a conserved
heme-binding amino acid sequence motif (CXXCH),
which is a c-type cytochrome, where heme and hemin
can bind to the channel, leading to inhibition. In an
early study, Leffler and coworkers used a thin-layer
chromatography (TLC) approach to study the disrup-
tion of the binding between heme and the BK, chan-
nel HBD by CO (Jaggar et al., 2005). Specifically,
heme was immobilized on a TLC plate, and the heme-
binding peptide (HBP) was in the mobile phase. Un-
der N, atmosphere, only around 12% of the peptide
was found to migrate through the heme area, where-
as in a CO atmosphere around 63% of the peptide
was able to pass through. If hemin was fixed as the
barrier on a TLC plate, CO gas failed to increase the
proportion of the peptide capable of passing through.
Such results suggest that the interaction between
heme and BKg, channel HBD can be disrupted by
CO. The activities of BK¢, channels from a single ce-
rebral artery smooth muscle cell were also measured
in the presence of heme or hemin. When partial pres-
sure of oxygen (pOs) was 20 mm Hg, 100 nM hemin
or heme was able to keep the BKc, channel almost
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completely in the open form. However, after subse-
quent treatment with 10% CO, the inhibitory effect
caused by heme was decreased to the point that only
30% of the channel remained open. No activity
change induced by CO was observed in the hemin-
treated group. It should be noted that without pre-
treatment with exogenous heme or hemin, 10% of CO
atmosphere was able to increase the probability for
the channel to stay open by 2-fold. Interestingly, sub-
sequent addition of 100 nM heme was able to further
enhance this activation, whereas 100 nM hemin de-
creased the open probability to the original level.
Such results are hard to explain and suggest the pos-
sibility of multiple roles for the CO-heme complex.
Mutation of the BKc, channel HBM eradicated the
ability of heme and CO to regulate the BKg, chan-
nels. Ragsdale et al. found that the redox state of two
cysteine residues (Cys612 and Cys615) on HBM (the
CXXCH motif) are essential for regulation of the bind-
ing affinity of HBM to heme and CO (Yi et al., 2010).
In addition to the two cysteine residues on HBM,
there are also another two cysteine residues located
at positions 628 and 630 on the HBD. Upon reduction
by dithiothreitol (DTT), four thiols per mole of protein
were detected on the HBD by the 5,5-dithiobis-(2-ni-
trobenzoic acid) (DTNB) test. Under oxidized condi-
tions, C612S and C615S mutants had only one thiol
per mole of protein, and C612S/C615S mutant did not
show the existence of free thiol groups, indicating the
formation of intramolecular disulfide bonds. The HBP,
which contains residues 601-623 of the BK channel,
was prepared and used to study its dissociation con-
stants with heme under different redox conditions.
The Kq of the oxidized HBP for heme was measured
to be 14.5 + 4.6 uM, which is much higher than that
under reduced conditions (0.16 + 0.05 uM). Addition-
ally, the C612S/C615S mutant was shown to have
similar affinity regardless of oxidation states, with Kq4
being 1.5 and 1.7 uM under oxidized and reduced
states, respectively. Such results suggest that the re-
dox states of Cys612 and Cys615 are important regu-
lators for heme binding. Replacement of these
cysteine residues eliminated their sensitivity to redox
states. Furthermore, the K4q of the heme-HBD com-
plex for CO was determined to be 50 nM, which is
less than that of the C612S/C615S variant (Kq4 =
2.7 uM). Given the fact that the native HBD and the
C612S/C615S variant have similar Ky values (0.29
and 0.49 uM, respectively), Cys612 and Cys615 resi-
dues may also play a role in CO binding with the
heme-HBD complex.

The CXXHX;6H motif on the cytoplasmic region of
sulfonylurea receptor 2A (SUR2A) was identified as
the heme-binding site on the Karp channel. Raven
and coworkers showed that the effects of CO on Karp
channel activity relied on the interaction among CO,
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heme, and the HBD (Kapetanaki et al., 2018). In an
inside-out patch experiment, CO was found to further
increase channel activation by heme (channel open
probability: within the range of 0.013 + 0.002 to
0.051 = 0.017) to 0.303 = 0.064. Without heme, CO
alone failed to increase the channel activity. Mutation
of the HBD CXXHX;cH led to abolishment of the ef-
fects from heme and CO-heme combination. For a
more detailed study of the heme-CO-SURZ2A interac-
tion, the SUR2A subunit was expressed and purified.
Through a spectrophotometric titration method, the
Kg4 of CO for the ferrous heme—-SUR2A complex was
determined to be 0.6 + 0.3 uM, which is comparable to
other known heme proteins. The rate constants for
the on- and off-processes were measured to be 0.27 +
0.1 uM~' s7! and 0.05 seconds ™!, respectively. Reso-
nance Raman spectroscopy was further used to study
the structure of heme-CO-SUR2A complex. Compared
with the heme-CO complex, heme-CO-SUR2A exhib-
ited a stronger v(Fe-CO) stretching vibration at 494
em ! and a weaker vibration at 525 cm ™. No signifi-
cant bending mode was shown in the region of
550—-570 cm !, which suggests a nearly linear Fe-C-O
geometry in the binding complex. The results from
this work are consistent with an earlier study on
BKc, channel (Jaggar et al., 2005).

Recently, Raven and coworkers also identified a
PAS domain located on Kv channel Kv11.3 that can
interact with heme in regulating channel activities
(Burton et al., 2020). To study the binding event be-
tween heme and the PAS domain, the N-terminal cy-
toplasmic region (hERG3-eag) of the Kv channel
bearing a Cap domain and a PAS domain was generat-
ed from an Escherichia coli expression system. By uti-
lizing titration techniques, the K4 of hemin was
determined to be 7.02 = 0.35 uM. The binding affinity
for heme was not addressed. CO also exhibited tight
binding affinity toward to the heme-hERG3-eag com-
plex with a K4 of 1.03 = 0.37 uM. The Kj of the pre-
formed CO-heme complex to the HBD was determined
to be 10.55 + 1.34 uM. In the presence of NO, CO was
found to be easily replaced from the heme-hERG3-eag,
with a kg of 0.03 seconds !. Such results suggest NO
being a competitive inhibitor toward the binding be-
tween CO and heme-hERG3-eag.

In summary, the HBM on the BKc,, Katp and Kv
channels can bind to heme to form the heme-HBM
complexes as CO’s molecular targets. Based on in vitro
studies, CO showed binding affinity toward these com-
plexes, with K4 values ranging from 0.05 to 1 uM, indi-
cating the possibility for such interaction to alter
activities of ion channels in vivo.

B. Direct CO Interactions with Amino Acid Residues
on Ion Channels?

Some studies showed that the presence of some
amino acid residues (histidine, aspartic acid, and
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cysteine) located on ion channels are essential for
CO’s activities.

In 1997, a study found that chemical modifications
of the histidine residues on the external portion of
BKca channels could affect CO’s activity. In rat
smooth muscle cells, 3-30 uM CO solution increased
the probability for the channel to remain open in a
dose-dependent manner in both outside-out and in-
side-out patch experiments. Diethyl pyrocarbonate
(DEPC) can chemically modify the imidazole ring on
histidine residues. In this case, upon preincubation of
the ion channel with 0.5 mM DEPC in an outside-out
membrane patch experiment, CO exposure failed to
activate the BK¢, channels. However, CO’s activity
was reversed in the presence of hydroxylamine, which
can remove the modification of histidine by DEPC in
outside-out patches. In contrast, treatment of DEPC
using inside-out patches did not show any effects on
CO-induced increased probability for the BKc, chan-
nels to stay in the open state. In terms of chemical re-
actions or binding, there is no known mechanism for
CO to chemically modify the histidine residues in
BKca channels. One explanation of the observed ef-
fects related to histidine might be with HBD on the
external side of BK¢, channels.

Another proposed molecular mechanism of CO’s ac-
tion on BK¢, channels is the participation of an as-
partic acid and two histidine residues on the cytosolic
RCK1 domain (Hou et al., 2008). It should be noted
that in this mechanistic study, instead of CO gas,
CORM-2 was used as a CO surrogate. In HEK cells,
CORM-2 increased the expression of Slol BK¢, chan-
nel current by around 1-fold under 100 mV condi-
tions. However, after pretreatment with 2 mM DEPC
on the intracellular side for 5~10 minutes, CORM-2
failed to increase the current. It might suggest the
importance of histidine residues on the cytoplasmic
side of the BK, channel in regulating the channel ac-
tivity by CORM-2. Four histidine residues near the
channel’s Ca®" sensors (H350, H365, H394, and H379)
were further investigated to see if they are possible CO’s
targets. The results show that mutation of H350 or
H379 to arginine failed to abolish CO’s activation of the
channel. However, mutation of H365 or H394 fully abol-
ished the effects of either CORM-2 or CO gas. Addition-
ally, mutation of an aspartic acid residue (D367) near
the H365 also eliminated the sensitivity of the channel
to CORM-2. Such results indicate that H365, H394,
and D367 are important targets for CO/CORM-2 sensi-
tivity on the BKg, channel. However, a different study
suggested that CORM-2 was able to directly form
Ru(CO); adducts with histidine residues (Gessner
et al., 2017). In terms of the chemistry, the likelihood
is extremely low for CO to directly act on one or more
amino acid residues to regulate channel activities.
Some kind of involvement of a transition metal is
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essential. Therefore, the results with CORM-2 may re-
quire additional studies to achieve a good mechanistic
understanding.

L-type calcium channels belong to the family of
voltage-gated calcium channels. They are widely ex-
pressed in skeletal, cardiac, endocrine, and smooth
muscle cells as well as in neurons. In rat ventricular
cardiomyocytes, both CORM-2 (30 uM) and dissolved
CO solution (concentration not indicated) inhibited the
activity of the L-type calcium channels (Scragg et al.,,
2008). The structural requirements for human cardiac
L-type Ca®" channels (HEK293 cells) for CO’s actions
were examined by using CORM-2. Through evaluating
the effect of CORM-2 on various mutants, it was found
that the region spanning residues 1787-1818 on the C-
tail insert region was necessary for the inhibitory effects
of CORM-2. CO is known to produce mitochondrial
ROS, which act as secondary mediators and play impor-
tant roles in CO-related signaling. Preincubation of mi-
tochondria-targeted antioxidant mitoquinone mesylate
(MitoQ) for 1 hour efficiently reduced the inhibitory ef-
fects by CORM-2 on the Ca®* current. In the presence
of complex III inhibitors stigmatellin (1 M) and anti-
mycin A (3 uM), the effects of CORM-2 on the channels
were also significantly reduced. Such results suggest
that ROS production triggered by CORM-2 might inter-
act with the redox-sensitive cysteine residues on the
channel to modulate their activity. Thus, three cysteine
residues located on the C-tail region were targeted for
further studies. Mutations of one of them abolished the
sensitivity of the channel to CORM-2. N(G)-nitro-L-argi-
nine methyl ester (L-NAME) (1 mM), a nitric-oxide syn-
thase inhibitor, was also added during the 20-minute
preincubation to see if the reactivity is due to CO-stimu-
lated NO production. However, no effect was observed
on the inhibitory effects caused by CORM-2. Such re-
sults suggest that the action is independent of NO’s ef-
fects. In a study using CO gas, Farrugia and coworkers
found that 0.2% of CO gas significantly activated hu-
man intestinal L-type calcium channels in HEK cells by
increasing NO production and cGMP levels (Lim et al.,
2005). CO gas solution of 0.2% and 0.38% reversibly in-
creased the current from human intestinal Ca®" by
18% and 21%, respectively. Such effects were dimin-
ished upon washing out CO. Further experiments were
conducted to examine whether this effect was due to
¢GMP and NO formation. Preincubation of cells with 10
uM ODQ, which is an sGC inhibitor, for 15 minutes de-
creased the activity enhancement induced by CO from
18% to 4%. Various NO synthase (NOS) inhibitors such
as N-[3-(aminomethyl)benzyllacetamidine (1400 W), 3-
bromo-7-nitroindazole (3-Br-7NI), and N5-iminoethyl-1-or-
thinine (L-NIO) were also evaluated during the pretreat-
ment. It was found that only selective endothelial NOS
inhibitor L-NIO reduced the activation effect of CO
(0.2%) from 18% to 11%. cGMP can activate PKG for the
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downregulated protein phosphorylation. Considering this
aspect, the effect from a PKG inhibitor (KT-5823) was
further examined. However, no sensitivity change of the
channel to CO was observed, suggesting the nonessential
nature of the cGMP/PKG pathway. cGMP is known to ac-
tivate cAMP-dependent protein kinase A (PKA). Along
this line, PKA inhibitor KT-5720 was shown to diminish
CO’s activation effect from 18% to only 5%. cGMP can in-
crease the cAMP level by inhibiting PDE III, leading to
the activation of PKA. However, selective PDE III inhibi-
tor milrinone diminished the current increase caused by
0.2% CO from 18% to 11%. This leaves the question of
how PDE III played a role in the ¢cGMP/PKA pathway
mediated by CO. Overall, there are extensive experimen-
tal findings. However, the mechanistic implication at the
molecular level is not entirely clear. Much more work is
needed.

C. CO Activates NO Formation and S-Nitrosylation

CO is known to induce NO formation by activating
NO synthase (NOS). Protein S-nitrosylation is an im-
portant posttranslational modification through reac-
tion between NO and the thiol group on cysteine
residues and is known to regulate the activities of a
broad range of cellular proteins. In cardiac myocytes,
Peers et al. found that elevation of NO levels and
S-nitrosylation on voltage-gated sodium channel (Nav)1.5
is essential for the proarrhythmic effects of CORM-2 or
CO (Dallas et al., 2012). Activation of the late Na* cur-
rent was commonly associated with arrhythmias. In the
presence of 30 uM CORM-2 or 87.6 uM dissolved CO, the
late Na™ currents were increased by ~100% and ~140%,
respectively. However, upon preincubation with 1 mM
NOS inhibitor L-NAME such effects from CORM-2 on
Na* currents were almost completely abolished, suggest-
ing NO formation being essential for CORM-2 to regu-
late the channel activity. The question of whether NO
formation led to protein modifications on the channel
was further investigated. By using a modified biotin-
switch assay, it was found that CORM-2 or NO donor
CysNO, but not iCORM-2, increased the S-nitrosylation
of cardiac Na™ channel in cardiac myocyte extracts. As a
positive control, treatment of myocytes with 2,2-dithio-
bis(5-nitropyridine) (DTNP), a known inducer of TRPC5
channel S-nitrosylation, led to an increase of the late
Na* current. These results suggest the possibility for the
modulation of Nav1.5 channel activity by CORM-2 to go
through elevation of NO production and S-nitrosylation.
However, a later study found that addition of NO donors
did not mimic the effects from CORM-2 on the peak Na™
current (Elies et al., 2014), indicating the need for addi-
tional mechanistic studies. At this point, it might also be
important to discuss the affinity of CO for NOS. In a
study using neuronal NOS, the dissociation constant
(Ky) for CO was determined to be less than 102 xM in
the absence of the substrate and cofactor, 1 M in the
presence of L-Arg, and 100 yM in the presence of
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inhibitors such as N(G)-nitro-L-arginine methyl ester (L-
NAME) or 7-nitroindazole (7-NI) (Sato et al., 1998). The
effects of the cofactor and substrate on CO binding make
it hard to model the distribution CO between COHb and
NOS without knowing the precise concentration of the
cofactor and substrate.

D. CO-Independent Reactivities from CORMs

Heinemann and coworkers showed that CORM-2
was able to directly form Ru(CO); adducts with histi-
dine residues to modulate the activities of the BKc,
and voltage-gated K™ channels through a CO-inde-
pendent mechanism (Gessner et al., 2017). In BKc,
channels in HEK293T cells, it was found that muta-
tions of H365 and H394 were able to abolish the chan-
nel modulating activity of CORM-2 but not from CO
gas. Such results suggest that the histidine residues
on the BK, channels be related to the channel modu-
lation activity of CORM-2. To study the molecular in-
teraction between CORM-2 and histidine residues, a
peptide corresponding to the pore-loop histidine resi-
dues of the voltage-gated K* channel was synthesized.
After incubation of CORM-2 with four equivalents of this
peptide for 15 minutes, high-performance liquid chroma-
tography (HPLC) showed a decrease of the original pep-
tide peak and appearance of a new stable peak at a
longer elution time in a reverse-phase column. Liquid
chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS) analysis of the new peak
identified a mass change matching the formation of an
adduct between Ru(CO), and the histidine-containing
peptide. For the control peptide without the histidine
moiety, neither formation of a new peak nor direct modi-
fication was observed. Thus, it was suggested that the
modulation of the potassium ion channels by CORM-2
was through the formation of histidine-Ru(CO), ad-
duct(s) in a CO-independent fashion.

P2X receptors are ATP-gated ion channels commonly
expressed on mammalian cell membranes. Coded by
different genes, seven subunits of P2X receptors (P2X;
to P2X5;) have been identified (Khakh and North, 2006).
Each subunit contains two membrane-spanning domains
(TM1 and TM2) and intracellular C and N termini. It
was found that most of the subunits form homotrimeric
or heterotrimeric receptors. For example, P2Xy3 recep-
tors are composed of P2X, and P2Xj3 subunits. P2X re-
ceptors are widely distributed throughout mammalian
cells and tissues, with demonstrated physiologic func-
tions (North, 2002; Surprenant and North, 2009). In
P2X,/P2X3 double knockout mice, neurons were found
to have weak response to ATP (Cockayne et al., 2005).
The activities of ATP-gated P2X, receptor were also re-
ported to be regulated by CO and CORM-2. Wilkinson
and coworkers found that 30% CO gas increased the
currents through the P2X, receptor from 1049 + 219 to
1183 + 240 picoamperes (pA) upon coincubation with 10
uM ATP (Wilkinson et al., 2009). It was also shown that
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0.3-100 uM CORM-2 activated the P2X, receptors in
the presence of 10 M ATP with ECsy and Hill coeffi-
cient of 3.1 = 0.6 uM and 1.8 + 0.4 (n = 3), respectively.
The effects of CORM-2 on other P2X receptor—express-
ing HEK cells were also evaluated in this study. For ex-
ample, for the P2X, receptor, CORM-2 showed a slight
inhibitory effect. Upon preincubation with CORM-2 for
10 seconds, the ATP-induced current density decreased
from 6.51 + 1.27 to 5.39 + 1.26 pA-pF . To probe the ac-
tivation mechanism of CORM-2 on P2X,, cells were
treated with a cGMP derivative to mimic the activation
of sGC by CO. However, no augmentation on the ATP-
evoked channel currents was observed. ODQ, an inhibi-
tor of sGC, also failed to abolish channel activation on
ATP-evoked P2Xs. In a different study from the same re-
search group, it was found that CORM-2, but not CO
gas, inhibited the activity of ATP-gated P2X, channel.
In HEK293 cells, 30 uM CORM-2 decreased the ATP-en-
hanced currents on the channel to around 45.3% of the
control group. However, treatment with 20% CO gas for
up to 4 minutes failed to exhibit any effects on the cur-
rents evoked by ATP. Such results indicate the possibili-
ty that the regulation of the P2X, channel by CORM-2
is CO-independent.

CORMS-2 also showed CO-independent effects toward
mitochondrial BKq, channels, according to a recent
study by Rotko et al. (2020). In isolated mitochondria
from U-87 MG human astrocytoma cells, after 1 mi-
nute perfusion, 30 uM CORM-2 increased the probabil-
ity for the channel to open from 0% to 12% + 7% at
—40 mV and from 7% + 3% to 46% + 17% at +40 mV
in the presence of 1 uM Ca®". At the 5-minute point,
the initial activation was diminished to the original
level. However, under the same conditions, saturated
CO gas solution failed to alter the activity of the chan-
nel. Such results may suggest the CO-independent na-
ture of the mechanism by which CORM-2 modulates
the activities of mitochondrial BKq, channel. Alterna-
tively, CO concentration or specific experimental condi-
tions may also make a difference.

In this section, we have discussed the regulation
of ion channels by CO and described several re-
ported mechanisms of actions (Fig. 26). In a cellu-
lar environment, CO may form a complex with
heme, which can interact with an HBD located on
the ion channel to regulate the channel’s activity,
or it may directly target the heme-HBD of the
channel. In addition to these direct pathways, CO
may also modulate ion channels by its secondary
messenger molecules, including NO and ROS. Sev-
eral studies indicated that CORM-2 exhibited CO-
independent activities on ion channels. For future
mechanistic studies, experiments using CO gas should
be included as a CO source to corroborate results from
CO donors.

863

VIII. CO and the Cytochrome C-Cardiolipin
Complex

Cytochrome c (cyt c) is a hemoprotein, containing
heme c as a prosthetic group. It is responsible for
transferring electrons from complex III to COX in the
cellular respiratory chain (Bushnell et al., 1990; Zaidi
et al., 2014). Mammalian cyt c is composed of around
100 amino acid residues with several key residues in-
volved in heme binding, including two cysteine resi-
dues (Cysl4 and Cysl7), His18, Met80, and Tyr67
with His18 and Met80 axially coordinating with the
iron (Bushnell et al., 1990). Anchored by these amino
acid residues, less than 10% of the heme moiety is ex-
posed to the outside environment. The nearby posi-
tively charged Lys and Arg residues produce a
hydrophilic area around the heme moiety.

As such, it is hard for CO to directly bind to the
heme moiety on cyt ¢ under physiologic conditions.
However, several charged Lys residues on cyt ¢ enable
its interaction with phospholipids. A well known case
is the binding between cyt ¢ and cardiolipin, which is
one type of phospholipid located on the inner mito-
chondrial membrane and responsible for fixing cyt c
onto the same inner membrane, allowing its partici-
pation in the respiratory chain reactions (Kagan
et al., 2014). Additionally, this interaction can acti-
vate the peroxidase activity of cyt ¢, which in turn ox-
idizes and translocates the bound cardiolipin from the
mitochondrial inner membrane to the outer mem-
brane and initiates the activation of caspases in apo-
ptosis processes (Kagan et al., 2014). Cardiolipin
binds to cyt ¢ by electrostatic interactions with three
lysine residues (Lys72, Lys78, and Lys86) on site A
(Rytomaa and Kinnunen, 1995). The cyt c—cardiolipin
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Fig. 26. Possible molecular mechanisms for the actions of CO and
CORM-2 on ion channels. CO released from CORM-2 binds to heme-con-
taining ion channels through two possible mechanisms: 1) direct binding
to the heme prosthetic group in the ion channel and 2) binding to the free
heme first before engaging the ion channel. CO binding modulates the
function of ion channel; CO inhibits COX, thus increasing intracellular
ROS production, which acts on redox-sensitive ion channels; CO interacts
with NOS, thus affecting NO production, leading to direct modulation of
NO-sensitive ion channels or through a second messenger pathway to
regulate ion channels; CORM-2 itself exhibits CO-independent activities
on ion channels as well.
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complex is also stabilized by a hydrogen bond be-
tween the acyl side chain of cardiolipin and Asn52 in
site C. At the same time, the hydrogen bond between
nearby His26 and Pro44 is disrupted (Sinibaldi et al.,
2008; Amacher et al., 2015). Upon binding with cardi-
olipin, the coordination of the iron center with Met80
is disassociated and cyt c is transformed into a more
open conformation. These structural changes allow
CO to bind with the cyt c—cardiolipin complex.

Vos et al. first studied such binding properties by
using time-resolved absorption spectroscopy. Ferric
cyt ¢ and cardiolipin complex were reduced to the fer-
rous form by adding sodium dithionite (Kapetanaki
et al., 2009). The ferrous native cyt c¢ alone did not
show binding affinity with CO at pH 7. However, coin-
cubation of ferrous cyt c—cardiolipin complex with a
CO solution produced an absorption pattern of CO-
bound heme at pH 7.4 and 6.1. Binding of 1 Eq cyt ¢
to CO required 30 Eq cardiolipin for saturation in
this in vitro study. The dissociation constant for CO
binding was determined to be around 20 nM at 37°C,
which is comparable to the binding affinity between
CO and myoglobin. The CO inhibitory effects on the
peroxidase activity of the cyt c—cardiolipin complex
were also studied. In the presence of 1- or 0.1-mM CO
gas solution, the HyOs-induced heme degradation
rate of the cyt c—cardiolipin complex was measured to
be in the range of 0.0003—0.001 seconds !, which is
similar to that of cyt ¢ alone. Such results show signif-
icant inhibition of the peroxidase activity of the cyt
c—cardiolipin complex by CO. In a newborn mouse
model of isoflurane-induced apoptosis in the develop-
ing brain, Levy and coworkers found that CO expo-
sure exhibited protective effects by inhibiting the cyt
¢ peroxidase activity and reducing the cyt c release
from forebrain mitochondria (Cheng and Levy, 2014).
Compared with the control group, isoflurane treat-
ment caused a ~7% increase of cytochrome ¢ peroxi-
dase activity. Exposure to 5 ppm or 100 ppm of CO
gas for 1 hour decreased the cyt ¢ peroxidase activity
by 30% and 50% in both isoflurane treated and non-
treated groups, respectively. Cyt c release was as-
sessed by comparing the amount of heme c¢ in
mitochondrial and cytosolic fractions. It was found
that the heme c concentration in cytoplasmic (isoflur-
ane-treated) was decreased by ~30% and ~50% after
treatment with 5 ppm and 100 ppm CO gas, respec-
tively. Without isoflurane treatment, 5 or 100 ppm
CO gas was also able to decrease the cytosolic heme c
concentration by about 30%. In contrast, in the pres-
ence of isoflurane, the level of mitochondrial heme ¢
significantly increased after exposure to 100 ppm CO
but not 5 ppm. Along this line, the COHb level was
also determined after CO gas exposure. After 1-hour
exposure to 5 ppm CO of gas, only a minimal increase
of COHb level (from ~0.3% to ~0.5%) was observed.

Yuan et al.

Under the same conditions, exposure to 100 ppm of
CO gas for 1 hour led to an increase of COHb level to
4%. Compared with CO, NO can bind to both ferrous
and ferric cyt c—cardiolipin complexes. The Ky for NO
binding to the ferrous cyt c—cardiolipin complex was
determined to be around 0.02 nM (calculated from
given k., and k.g), which is much lower than that of
CO (Silkstone et al., 2010).

With all of the analyses above, it is important to be
able to correlate COHb availability with observable
pharmacological efficacy. For example, small changes
of COHb levels by 5 ppm of CO exposure was shown
to lead to significant effects on cytochrome c peroxi-
dase activity (Kapetanaki et al., 2009). To present an
intuitive picture of the occupancy level of the cyt
c—cardiolipin complex by CO relative to that of COHb,
we have generated a 3-D and contour plot (Fig. 27) of
the relationship between COHb and target binding
under various conditions. This is based on the Ky
(20 nM) of the cyt c—cardiolipin complex for CO and
the varying K4 of COHb, depending on the environ-
ment. When the COHB level is at 1% and Ky of Hb is
4.5 uM at the low-affinity T state, the percentage of
CO saturation of the cyt c—cardiolipin complex can
reach 95%. When COHDb level is elevated to 14%, the
percentage of CO saturation of the cyt c—cardiolipin
complex can be nearly 100%. However, if the competi-
tion is between the high-affinity R state (Kq = 0.7
nM) of COHb and the cyt c—cardiolipin complex, then
the picture is very different. The percentage of CO
saturation of the cyt c—cardiolipin complex is expected
to be 5% when COHb level is at 14%. Therefore, the
dependence of target engagement on the COHb level
is heavily influenced by whether COHb is at the low-
affinity or high-affinity state, which in turn is affected
by local pH, oxygenation level, and the presence of
other metabolites.

IX. Two Long-Standing Issues in the CO Field:
Possible Explanations at the Molecular Level

With all of the detailed analyses of various molecu-
lar targets, what are their implications in addressing
some long-standing issues related to CO research and
clinical observations? In the CO field, there is the fa-
mous Ron Coburn experiment in an anesthetized dog
(Coburn, 1970). When the inspired gas progressively
decreased in oxygen partial pressure from 200 to a
low of 40 mm Hg, a decline of its basal COHb level
was observed (from 0.8% to 0.5%). Interestingly, the
CO “reappeared” in the blood in the form of COHb af-
ter the oxygen pressure was brought back to 200 mm
Hg. Such observations were interpreted as the result
of distribution of CO to tissues (mostly Mb) when the
oxygen partial pressure was low and redistribution
back to the blood/Hb when the oxygen partial pres-
sure was normal. Understanding this experiment in
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Fig. 27. Estimated CO-saturation levels of the cyt c—cardiolipin complex as
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in the left panel and dashed lines in the right panel represent scenarios with COHb at 1%, 6%, and 14% levels, respectively. The graphs were generated
based on eq. 1 by using Mathematica 12 (codes provided in Supplemental Appendix 2).

depth is very important to the analysis of CO phar-
macokinetics under pathophysiological conditions.
Further, understanding the observations described is
also important for assessing the efficacy of CO and
itis relationship to the level of COHb under various
conditions. First of all, oxygen content has profound
effects on human physiology. Even high oxygen con-
tent has toxic effects (Shykoff and Lee, 2019). One
can envision respiratory and metabolic acidosis under
low oxygen partial pressure (Epstein and Singh,
2001; Kao and Nanagas, 2005; Cho et al., 2008; Swen-
son, 2016; Kuniavsky et al., 2018; Joffe et al., 2020).
It is known that hypoxia (and low pH) would lead to a
shift of Hb from its high-affinity R state to the low-af-
finity T state. As a result, CO is expected to partition
from Hb to Mb and other targets with K4 below 4.5
uM (the Ky of low-affinity COHb). Figure 7 shows the
effect of COHb K4 on CO’s distribution to Mb. In its
high-affinity R state, very little CO is expected to be
transferred to Mb. However, at its low-affinity state
(4.5 M), even 0.4% of COHb could be in equilibrium
with over 90% COMb levels. In an otherwise healthy
dog, hypoxia (Swenson, 2016) can be readily reversed
upon administration of oxygen, leading to the restora-
tion of COHb to its high-affinity state in the blood
and thus “reappearance” of CO in the blood.

Figure 28 shows in a schematic fashion how
changes in O, partial pressure may affect CO redistri-
bution through the switching of COHb between its
high-affinity and low-affinity states. This would help
to explain the observations by Coburn in his famous
experiments, though this is only our analysis. Under
normoxia (left side in both Figs. A and B), the pres-
sure gradient in Oy and COy drives O, diffusion into
the red blood cells (RBCs) in the pulmonary alveoli,
whereas COy (through bicarbonate system) and CO
diffuse out shifting Hb equilibrium toward the R
state. In the peripheral tissues, pOgy is lower whereas

pCOgy is higher, creating a lower pH environment
(through bicarbonate buffering system) in the inter-
stitial fluid as well as in the RBCs. Together, these
two factors favor Hb equilibrium toward the T state,
wherein CO may dissociate from Hb and bind to he-
moprotein targets with Kq < 4.5 uM, such as Mb. The
dynamic balance between CO endogenous production,
CO inhalation and exhalation, and CO partitioning to
extravascular tissues maintains the blood COHb level
saturation around 1%. Under hypoxia such as in Co-
burn’s dog experiments, once the arterial pOs (con-
trolled by inspired pOs) becomes equivalent to the
venous pOy (which is ~ 40 mmHg), the pressure gra-
dient is abolished, leading to no (or minimal) net ex-
change in gases in the pulmonary alveoli. The lack of
gas exchange, along with pH lowering in both plasma
and RBCs because of excess CO5 accumulation in the
absence of effective exhalation, may lock the circulat-
ing Hb in the T state. In the extravascular tissues, a
metabolic shift to fermentation due to lack of oxygen
decreases pH as well. Because of these compounding
effects, Hb remains and is circulated in the T state,
allowing for CO to move out of the blood into the ex-
travascular tissues such as muscles, which is mani-
fested as lowered blood COHb but increased COMb.
Once arterial pO; is restored and the pressure gradi-
ent is reestablished, more Hb in the high-affinity R
state is circulated, leading to rebinding of CO to Hb
and thus the “reappearance” of COHb.

A second and very clinically relevant issue is the
difficulty of reversing CO intoxication (Prockop and
Chichkova, 2007). Theoretically, upon removal of the
affected individuals from an environment with elevat-
ed CO levels, exhalation of CO should happen, lead-
ing to decreased COHb levels. Further, the rapid
exchange of CO between Hb and various targets
should lead to clearance of CO from peripheral tissues
and extravasculature targets. Indeed, blood COHb
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Fig. 28. CO distribution is dependent on the dynamic change of the ratio between high affinity and low affinity of COHb. (A) A brief description of the
idea of the shifting distribution of CO from the cardiovascular circulation to peripheral tissues when O pressure is low and Hb largely exists in the
low-affinity T state because of the change in pH and O, partial pressure, among other factors. (B) A detailed description of the processes leading to CO

redistribution depending on O, partial pressure.

recovery often does happen quickly, at least to a level
that is no longer considered an acute problem. How-
ever, it seems that clearance of CO from extravascula-
ture targets takes a much longer time (days) than one

would expect based on the binding kinetics and respi-
ration, and recovery of CNS impairments does not al-
ways correlate with decreased levels of COHb (Miré
et al., 1998). There could be many convoluted clinical
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reasons for this, but one can envision persistent CO
binding to molecular target(s) in the CNS being a key
factor. If one looks at the kinetics and thermodynam-
ics of CO exchange between Hb and key CNS target
Ngb, it becomes very clear that efficient exchange
would happen only when Hb is in the high-affinity R
state. If it is in the low-affinity T state, with Ky for
CO being in the low uM range, the ability of Hb to
“extract” CO from Ngb is almost nonexistent, with a
K4 difference on the order of 10”. The lack of a high-
affinity carrier (Hb) could present a kinetic barrier to
clearing CO from the CNS. One of the clinical fea-
tures of CO intoxication is the metabolic acidosis as a
result of hypoxia and perturbed metabolism. This drop
in pH is expected to shift Hb to its low-affinity state.
As a result, the ability of Hb to help clear CO from
Ngb becomes very weak. This could be a key reason
for the delayed recovery of CNS impairments in pa-
tients with severe CO intoxication. During recovery,
the blood pH normally gradually returns to normal,
which is also expected to allow Hb to exist in its high-
affinity state. With a Ky of 0.7-1.7 nM, Hb at its R
state is expected to compete for CO binding with Ngb
(Kq of 0.2 nM) very effectively, especially considering
the high abundance of Hb. As a result, CO clearance
could very much depend on the overall physiologic
state of the patients in addition to the use of oxygen
for CO replacement.

X. Conclusions

With all of the analyses, there are several key mes-
sages that we hope will be helpful to the field. First,
studies of dose dependency are essential for any effort
in developing therapeutics. With CO having so many
targets, dose dependency is more than an issue of po-
tency; it also affects the analysis of side effects and
the involvement of targets beyond the intended ones.
However, at this stage, the CO field is in real need of
rigorous studies of dose-dependent effects.

Second, with Ky values spanning seven orders of
magnitude (ranging from sub-nM to high M) for bind-
ing between CO and identified hemoprotein targets,
there is a need to examine the effect of a given target
in the context of all of the targets, with attention to
the convoluted relationship among binding affinity, CO
concentration (free and in the form of COHb), and the
affinity state of COHb. If the intended target is a low-
affinity one, then there need to be analyses of how the
same concentration of CO would affect the other tar-
gets with a higher affinity than the intended target.

Third, CO transport, CO binding to Hb, and local
conditions are all important factors to consider in ana-
lyzing the ability of Hb to unload CO locally. Future
studies will need to consider local environments and
their effects on CO’s affinity for various hemoproteins.
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Fourth, development of appropriate formulations
and donors for controlled delivery of CO has been very
critical to the CO field. However, the release rates of
CO donors play an important role in the peak and sus-
tained concentrations of CO (Yang et al.,, 2021a,b).
Along this line, it is important to emphasize that donor
concentration does not equate CO concentration be-
cause of CO’s volatility. Therefore, comparison of CO
dosage goes beyond comparing the concentration of the
donor used; it also needs to consider the release rate
and peak and sustained CO concentrations because of
CO’s volatility. This aspect also impacts dose-response
studies.

Fifth, one might ask the question as to which molec-
ular targets are the most important ones to consider
for CO. There is no simple answer. Here we provide
our views of issues to consider. Naturally, molecular
targets that have higher affinity for CO than Hb will
need to be considered because of their ability to
“extract” CO from Hb. This list includes neuroglobin,
myoglobin, some isoforms of P450, and cytochrome c
oxidase, all of which have been widely recognized as
CO’s targets. Along this line, sGC stands out as an out-
lier because it has a very low affinity but is often cited
as a target for CO in attributing CO’s pharmacological
effects. We are not sure of what the answer is. Another
way of looking at this issue is based on the biologic
problem at hand. For example, if P450 mediated me-
tabolism is the question at hand, then P450 is impor-
tant, even though it may not have the highest affinity
for CO.

Sixth, all of the mathematical model work is based
on binary analyses, and in reality that binary scenario
only represents a simplified estimate for intuitive as-
sessments of the competition in binding with CO be-
tween Hb and a given target. Therefore, all of the
analyses can be considered as starting points to inject a
quantitative sense into studying the various relation-
ship among targets. For in-depth studies of a particular
target for a given indication, more extensive multivari-
able analyses will be required for information, with en-
hanced relevance to a particular application. As more
experimental data become available, they will also help
the refinement of the computational work. We hope
that the holistic approach of analyzing the binding
with all relevant targets in a quantitative fashion will
help the understanding of binding and pharmacokinetic
factors that are important for the eventual development
of CO-based therapeutics.

At this point, the analyses of the interplay among
molecular targets, binding affinity, dosage, and effects
of local conditions on binding affinity are complete.
However, there are two points that are important for
the development of CO-based therapeutics, which are
pertinent to the subject of this review. First, are there
ways to deliver CO selectively to achieve site-specific

¥202Z ‘€2 |11dy uo sjeudnor 134SY e Blo'sfeulnofiadse: raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org

868

enrichments? This would allow for the ability to over-
come limitations by the intrinsic affinity of various
targets. It is easy to think of selective delivery to
the GI (Steiger et al., 2017; Bakalarz et al., 2021).
However, selective CO delivery toward intended or-
gans, tissues, cell types, or organelles is much harder
(Berreau, 2022). Along this line, there have been re-
ports of mitochondria-targeted delivery of CO (Zheng
et al., 2018; Lazarus et al., 2022) leading to improved
potency in animal models (Zheng et al., 2018). Future
work along the lines of tissue- and/or organ-targeted
delivery will be very important. A recent publication
on a free radical-triggered CO donor also offers an ap-
proach for selective activation and enrichment (Xing
et al., 2022). Second, understanding the pathophysio-
logical effects of endogenous CO as well as the rela-
tionships between heme oxygenase and abnormality
in CO levels and diseases will be very important for
designing CO-based therapeutics. However, this is a
complex subject; readers are referred to reports on
CO production in sickness and in health as well as
the protective effects of HO-1 for more in-depth analy-
ses of these subjects (Coburn et al., 1966; Otterbein
et al., 2003; Kishimoto et al., 2019; Wang et al., 2021;
De La Cruz and Wang, 2022). We hope that with the
discussions of these last two points, the review allows
for putting the discussions of CO targets, binding af-
finity, and dose-response relationship in the context of
developing new therapeutic agents and in under-
standing CO’s targets in health and sickness.
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