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Conditions of stress, such as myocardial infarction, stimulate
up-regulation of heme oxygenase (HO-1) to provide cardiopro-
tection.Here,we show thatCO, a product of hemecatabolismby
HO-1, directly inhibits native rat cardiomyocyte L-type Ca2�

currents and the recombinant�1C subunit of the human cardiac
L-type Ca2� channel. CO (applied via a recognized CO donor
molecule or as the dissolved gas) caused reversible, voltage-in-
dependent channel inhibition, which was dependent on the
presence of a spliced insert in the cytoplasmicC-terminal region
of the channel. Sequential molecular dissection and point
mutagenesis identified three key cysteine residues within the
proximal 31 amino acids of the splice insert required for CO
sensitivity. CO-mediated inhibition was independent of nitric
oxide and protein kinase G but was prevented by antioxidants
and the reducing agent, dithiothreitol. Inhibition of NADPH
oxidase and xanthine oxidase did not affect the inhibitory
actions of CO. Instead, inhibitors of complex III (but not com-
plex I) of themitochondrial electron transport chain and amito-
chondrially targeted antioxidant (Mito Q) fully prevented the
effects of CO.Our data indicate that the cardioprotective effects
of HO-1 activity may be attributable to an inhibitory action of
CO on cardiac L-type Ca2� channels. Inhibition arises from the
ability of CO to promote generation of reactive oxygen species
from complex III of mitochondria. This in turn leads to redox
modulation of any or all of three critical cysteine residues in
the channel’s cytoplasmic C-terminal tail, resulting in chan-
nel inhibition.

CO is an established and important signaling molecule in
both the heart and vasculature as well as other tissues (1, 2).
Cardiac atrial and ventricular myocytes express heme oxygen-
asesHO-14 andHO-2,which generateCOalongwith biliverdin
and free Fe2� by heme catabolism, and HO-1 levels can be

increased by various stress factors (3), including myocardial
infarction (4). CO limits the cellular damage of ischemia/reper-
fusion injury in the heart (5). Indeed, greater cardiac damage is
seen following ischemia/reperfusion injury in HO-1 knock-out
mice (6). Conversely, HO-1 overexpression in the heart reduces
infarct size and other markers of damage following ischemia/
reperfusion injury (7). CO also improves cardiac blood supply
through coronary vessel dilation (8, 9) and reduces cardiac con-
tractility (9). However, the mechanisms underlying this cardio-
protective effect of CO are not understood.
In the vasculature, CO also exerts numerous beneficial

effects. Its ability to dilate blood vessels is long established
(9–11) and endothelium-independent (12) and not due to
development of hypoxia through displacement of O2 (see Ref.
13). COhas clear, protective effects in various vascular diseases,
such as systemic and pulmonary hypertension, development of
atherosclerosis, and neointimal hyperplasia due to proliferation
of vascular smooth muscle cells following vascular injury (all
reviewed in Refs. 2, 13, and 14). Importantly, up-regulation of
HO-1 in a model of hypertension can provide significant vas-
cular protection by suppressing the effects of constricting
agents (15). This beneficial effect is extended to the pulmonary
circulation (16) and is supported fully by studies in transgenic
HO-1 knock-out mice (17).
Although the involvement of CO in various intracellular sig-

naling pathways is established (1), the mechanism(s) by which
CO exerts protective effects in the cardiovascular system
remains to be determined. We reasoned that the L-type Ca2�

channel, the major route of Ca2� entry into cardiac myocytes
(18) and vascular smooth muscle cells (19), may be a target site
of action for CO; althoughCa2� overload-mediated cardiac cell
death may not primarily involve L-type Ca2� channels (20),
their inhibition is protective in this respect (21), and such drugs
are of clinical importance (21, 22). The role of these channels in
the control of vascular tone is fundamental (19). Our findings
indicate that L-type Ca2� channels are indeed a site of action
for CO.

EXPERIMENTAL PROCEDURES

Reagents—The following compounds were used as described
under “Results”: PKG inhibitor, PET-cGMPS (100 nM),
BIOLOG (Bremen, Germany); NO donors, SIN-1 (10 �M) and
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S-nitrosoglutathione (2 mM), both soluble in DMSO and used in
the presence of 50 units/ml superoxide dismutase; NO scavenger,
carboxy-PTIO (1 mM); nitric-oxide synthase inhibitor, NG-nitro-
L-arginine methyl ester (1 mM); antioxidant, Mn(III)tetrakis(1-
methyl-4-pyridyl)porphyrinpentachloride (MnTMPyP) (100�M)
(Calbiochem); reducing agent, dithiothreitol (2 mM); xanthine
oxidase inhibitor, allopurinol (1 �M); NADPH oxidase inhibi-
tors, apocynin (30 �M) and diphenyleneiodonium (DPI; 3 �M);
mitochondrial antioxidant and control compound, MitoQ10
methanesulfonate (MitoQ) and decyl-TPP bromide (TPP)
(both 250 nM) (Antipodean Pharmaceuticals, Auckland, New
Zealand); mitochondrial complex inhibitors, rotenone (2 �M),
stigmatellin (1 �M), and antimycin A (3 �M). All other chemi-
cals were obtained from Sigma unless otherwise stated.
Application of CO—For these experiments, we employed

either CO dissolved in perfusate or the well established CO-re-
leasing molecule, CORM-2 ([Ru(CO3)Cl2]2, tricarbonyldichlo-
roruthenium(II) dimer) (23). To prepare CO-containing solu-
tions, extracellular perfusate was bubbled for at least 2 h under
positive pressure with CO. This solution was assumed to be
saturated with CO and then diluted 1:5 before application to
cells. This dilution was selected because it would result in the
pO2 of the perfusate only falling to a potential minimum of
�120 mm Hg, which is not sufficiently hypoxic to alter Ca2�

channel function through lack of available O2 (24). CORM-2
was purchased from Sigma, freshly prepared in DMSO, and
diluted to the required concentration in extracellular recording
solution for the experiments described. Also prepared in
DMSO, dichlorotetrakis (dimethylsulfoxide) ruthenium(II),
the breakdown product (RuCl2(DMSO)4) of CORM-2 kindly
synthesized by the Department of Chemistry and referred to
herein as inactive CORM-2 (iCORM-2), was used as a control.
In all experiments, the concentration of DMSO used did not
exceed 0.1% (i.e. 1:1000 dilution).
Cardiac Myocyte Isolation—Rats were killed by an intraperi-

toneal overdose of sodium pentobarbitone, and the hearts were
rapidly excised into oxygenated physiological saline solution.
Hearts weremounted on a Langendorff apparatus and perfused
at 5 ml/min at 37 °C with a series of solutions based on an
“isolation solution” of the following composition: 130 mM
NaCl, 5.4 mM KCl, 1.4 mM MgCl2, 0.4 mM NaH2PO4, 5 mM
Hepes, 10 mM glucose, 20 mM taurine, 10 mM creatine, pH 7.3.
The first solution, containing 750 �MCaCl2, was perfused for 4
min. The heart was then perfused for 4 min with Ca2�-free
isolation solution containing 100 �MNa2EGTA. Finally, perfu-
sion was switched to the isolation solution containing 200 �M
CaCl2 and collagenase (Worthington type 2; 0.1 mg/ml) for
9–12 min. The left ventricle was dissected and finely chopped
in an enzyme-containing solution with 1% bovine serum albu-
min and gently agitated in a water bath at 37 °C. Aliquots of the
cell suspension were examined every 5 min until a �80% yield
of rod-shaped cells with a clear striation pattern was obtained.
Myocytes were collected by filtration through nylon gauze and
gentle centrifugation.
Cell Culture—HEK293 cells were cultured in growth

medium comprising MEM with Earle’s salts and L-glutamine,
supplemented with 9% (v/v) fetal calf serum (Globepharm,
Esher, Surrey,UK), 1% (v/v) nonessential amino acids, 50�g/ml

gentamicin, 100 units/ml penicillinG, 100�g/ml streptomycin,
and 0.25 �g/ml amphotericin in a humidified atmosphere of
air/CO2 (19:1) at 37 °C. All culture reagents were purchased
from Invitrogen unless otherwise stated.
Mutagenesis—Full-length hHT and rHT �1C cDNAs, previ-

ously described and deposited in GenBankTM (accession num-
bers are L04569 and L29536 for hHT and rHT, respectively),
were ligated into the pcDNA3.1(�) mammalian expression
vector (Invitrogen) and used for transfection ofHEK293 cells as
described below. Deletion of segments within the 71-amino
acid insert of hHT (shown in Fig. 3) was performed by intro-
ducing two unique NruI restriction sites flanking the desired
stretch using the MegaPrimer PCR strategy, cutting with NruI,
and then religating the �1C(hHT) cDNA. Procedures have been
described in depth previously (25). Individual Cys to Ser substi-
tutions were similarly generated using the MegaPrimer PCR
strategy.
Cell Transfections—HEK293 cells were transfected with the

appropriate pcDNA3.1/�1C construct using the PolyFect rea-
gent (Qiagen, Hybaid Ltd., Teddington, UK) according to the
manufacturer’s instructions. Stably transfected cell lines were
selected with G-418 antibiotic (1 mg/ml; Invitrogen) added 3
days after transfection. Selection was applied for 4 weeks
(media changed every 4–5 days), colonies were then picked,
grown to confluence, and screened electrophysiologically after
plating onto coverslips for 24–48 h. G418 selection was main-
tained throughout the cloning process at 1 mg/ml and then
reduced to 200 �g/ml in all subsequent passages once stable
clones had been positively identified.
Electrophysiology—Cardiac myocytes were placed in the

recording chamber and allowed to settle before perfusion was
applied. Patch pipettes (1–3 megaohms resistance) were filled
with 115 mM CsCl, 10 mM HEPES, 10 mM EGTA, 20 mM tetra-
ethylammonium chloride, 5 mM MgATP, 0.1 mM Tris-GTP, 1
mMCaCl2 (pH adjusted to 7.0 with CsOH). Once the whole cell
configuration was established, perfusion was activated with a
solution of composition 140 mM NaCl, 5.4 mM CsCl, 2.5 mM
CaCl2, 0.5 mM MgCl2, 5.5 mM HEPES, and 11 mM glucose (pH
adjusted to 7.4withNaOH). Cells were voltage-clamped at�80
mV, and to inactivate Na� and T-type Ca2� channels, a 50-ms
prepulse to �30 mV was applied immediately before each test
pulse. L-type currents were then activated by successive depo-
larizations to �10 mV (75-ms duration, 0.1 Hz).

HEK 293 cells attached to coverslip fragments were placed in
a perfused (2–4 ml/min) chamber, and whole cell patch clamp
recordings were made as previously described (26). Perfusate
contained 95 mM NaCl, 5 mM CsCl, 0.6 mM MgCl2, 20 mM
BaCl2, 5 mMHEPES, 10mM D-glucose, 20mM tetraethylammo-
nium chloride (pH 7.4, 21–24 °C). Patch electrodes (resistance
4–7 megaohms) contained 120 mM CsCl, 20 mM tetraethylam-
monium chloride, 2mMMgCl2, 10mMEGTA, 10mMHEPES, 2
mMATP (pHadjusted to 7.2withCsOH). Cellswere clamped at
�80mV, andwhole cell capacitance was determined from ana-
logue compensation. Series resistance compensation of
70–90% was applied. Whole cell currents were evoked by
100-ms step depolarizations to various test potentials (0.1 Hz),
and leak subtraction was applied as previously described (26).
Holding current in any recording was �50 pA, and any record-

CO and Redox Control of Ca2� Channels

SEPTEMBER 5, 2008 • VOLUME 283 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24413



ings in which this fluctuated by more than 10% were discarded.
Evoked currents were filtered at 1 kHz and digitized at 2 kHz,
and current amplitudes were measured over the last 10–15 ms
of each step depolarization. Since Ba2� was used as the charge
carrier, they displayed little or no inactivation during step depo-
larizations. Currents showing notable run down before
CORM-2 application were discarded.
All voltage clamp and analysis protocols were performed

with the use of an Axopatch 200A amplifier/Digidata 1200
interface controlled by Clampex 9.0 software (Molecular
Devices, Foster City, CA). Offline analysis was performed using
the data analysis package Clampfit 9.0 (Molecular Devices).
Results are presented as means � S.E., and statistical analysis
was performed using unpaired Student’s t tests, where p � 0.05
was considered statistically significant.
Generation of �0 Cells—Cells lackingmitochondrial DNA (�0

cells) were generated by incubation inmedium containing EtBr
(50 ng/ml), sodium pyruvate (1 mM), and uridine (50 �g/ml)
(27). Verification of mitochondrial DNA loss was performed
following RNA extraction using the Aurum total RNA minikit
(Bio-Rad) according to the manufacturer’s instructions. cDNA
was synthesized from eluted RNA samples using the iScriptTM
Select cDNA synthesis kit (Bio-Rad), and real timeRT-PCRwas
carried out using the Applied Biosystems (ABI) 7500 real time
PCR system andTaqman� probes (ABI).�-Actin and 28 S ribo-
somal RNA were used as endogenous controls (ABI). Cyto-
chrome b and COX2 (cytochrome oxidase subunit II) were the
mitochondrial target genes (ABI). Data were analyzed using the
7500 software (ABI), and relative gene expression was calcu-
lated using the 2���CTmethod using either� actin or 28 S as an
endogenous control and cells cultured in the absence of EtBr as
a calibrator.

RESULTS

CO Inhibits Cardiac L-type Ca2� Channels—Ca2� channel
currents evoked in rat ventricular cardiac myocytes by succes-
sive depolarizations from �30 to �10 mV were reversibly
inhibited by exposure to the CO donor CORM-2 (30 �M) in the
perfusate (Fig. 1, A, D, and E). Effects were maximal within 2
min but requiredmuch longer to recover (e.g.Fig. 2E). CORM-2
is an established CO donor molecule (28–30), and its effects
can be attributed to released CO, since the inactive form
(iCORM-2) of the donor was without significant effect (Fig. 1,B
and D). Furthermore, exposure of cells to dissolved CO (see
“Experimental Procedures”) similarly inhibited currents (Fig. 1,
C andD). Cardiacmyocyte Ca2� currents commonly run down
with time during prolonged recordings. We observed a small
degree of run down (Fig. 1E), but this clearly does not account
for the slowly reversible inhibitory effects of CO or CORM-2
(Fig. 1E).
Exposure of HEK293 cells expressing the �1C subunit of the

human cardiac L-type Ca2� channel (Cav1.2) to the CO donor
CORM-2 caused marked inhibition of currents, as exemplified
in Fig. 2A. As in cardiac myocytes, effects were largely but
slowly reversible and not associated with any marked changes
in current kinetics (Fig. 2A). The effects of CORM-2 were
concentration-dependent (Fig. 2B) with a calculated IC50 of
14.8 � 0.9 �M. Importantly, currents were largely unaffected

(�10% inhibition) either by the vehicle, DMSO, or by the inac-
tive breakdownproduct, iCORM-2 (Fig. 2B), indicating that the
effects of CORM-2 were largely due to its release of CO, as has
previously been established (29–31). To confirm this, we
exposed cells to dissolved CO and observed a similar degree of
reversible inhibition (Fig. 2, A and B). Construction of current-
voltage relationships indicated that the inhibitory effects of CO
were apparent at all activating test potentials (Fig. 2C), indicat-
ing a lack of voltage dependence. Thus, the ability of CO to
inhibit L-typeCa2� currents inmyocyteswas fully reproducible
in cells expressing only the pore-forming �1C subunit of the
human channel. To investigate the structural requirements for

FIGURE 1. CO inhibits L-type Ca2� currents in rat cardiomyocytes. Traces
A–C show currents evoked in isolated rat cardiomyocytes before (control (C))
and during exposure to the CO donor CORM-2 (30 �M) (trace A) or its inactive
form (iCORM-2; trace B) or dissolved CO (trace C), as indicated. Scale bars, 200
pA (vertical) and 20 ms (horizontal) in each case. Currents were evoked by step
depolarizations from �30 to �10 mV. D, bar graph illustrating mean � S.E.
(n 	 8 –10) inhibitory effect of CORM-2 and iCORM-2 (30 �M) as well as dis-
solved CO. ***, p � 0.001 (unpaired t test). E, example time course traces
showing either modest run down in the absence of drug application (open
circles) or the slowly reversible inhibitory action of 30 �M CORM-2 (applied
for the period indicated by the shaded region). Each point plotted is the
current amplitude evoked by a step depolarization from �30 to �10 mV
(75 ms, 0.1 Hz).
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CO inhibition of the channel and to probe candidate mecha-
nisms of inhibition, we subsequently employed the recombi-
nant �1C subunit and examined its responses to CORM-2.
Splice Insert Requirement for Ca2� Channel CO Sensitivity—

We have previously shown that splice variation in the cytoplas-
mic C-tail region of the �1C channel protein is a key determi-
nant of some of the physiological responses of this channel (26).
Fig. 3A indicates that this 71-amino acid (aa) region is also an
absolute requirement for inhibition by CO. Thus, the full-
length hHT variant is CO-sensitive, but the rHT variant, lack-
ing the C-tail insert, was insensitive to CO. To investigate
which region of this insert is required for CO sensitivity, we
generated deletion mutants according to the schematic of Fig.

3B, and responses to 30 �M CORM-2 are summarized in Fig.
3C. We found that only those mutants with an intact region
spanning residues 1787–1818 (i.e.mutants �4 and �7) demon-
strated CO sensitivity. Importantly, their responses were quan-
titatively similar to the full-length hHT variant, suggesting that
this region of the channel was necessary and sufficient for CO
sensitivity.
CO Acts Independently of NO and Protein Kinase G—CO is

an established activator of NO production, possibly by activat-
ing nitric-oxide synthase (1, 32). To investigate any role of NO,
we first tested the effects of anNO scavenger, 2-(4-carboxyphe-
nyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-
PTIO), and the nitric-oxide synthase inhibitor, NG-nitro-L-ar-
ginine methyl ester (both applied at 1 mM for 20 min prior to
and during recordings). Neither affected the ability of CO
(applied as CORM-2; 30 �M) to inhibit Ca2� currents (Fig. 4, A
and B). We also found that two distinct NO donors, SIN-1 (10
�M) and S-nitrosoglutathione (2mM), failed tomimic the inhib-
itory actions of CO and did not significantly alter Ca2� currents
(Fig. 4, A and B). Finally, the protein kinase G inhibitor PET-
cGMPS (100 nM, 2-h preincubation) was also without effect on
the ability of CO to inhibit Ca2� currents. All of these NO-re-
lated compounds were functionally active, as determined by
their ability tomodulate the activity of the recombinant leakK�

channel hTREK-1 (33). Thus, the inhibitory actions of CO on
L-type Ca2� currents were independent of the NO/PKG
pathway.

FIGURE 2. CO inhibits the human L-type Ca2� channel �1C subunit.
A, example time course of the reversible inhibitory effect of CO on whole cell
Ca2� channel currents in HEK293 cells expressing the full-length hHT isoform
of the �1C subunit before, during, and after exposure to CORM-2 (30 �M;
applied for period indicated by the boxed region). Each point plotted is the
current amplitude evoked by a step depolarization from �80 to �10 mV (100
ms, 0.1 Hz). Inset, left, superimposed example currents obtained under control
conditions (C), during exposure to CORM-2, and after washout (W). Also
shown (right) are example traces evoked under identical conditions before
(C), during (CO), and after (W) application of dissolved CO. Scale bars, 100 pA
(vertical) and 50 ms (horizontal). B, left, concentration-response relationship;
each plotted point is mean � S.E. (n 	 5–9 cells) inhibitory effect of CORM-2.
Right, bar graph illustrating mean � S.E. (n 	 9 –24) inhibitory effect of
CORM-2 (30 �M), DMSO (0.1%), iCORM-2 (30 �M), and dissolved CO. ***, p �
0.001 versus the response to iCORM-2 (unpaired t test). C, mean � S.E. (n 	 10)
current density versus voltage relationships taken before (solid circles) and
during (open circles) exposure to 30 �M CORM-2 (n 	 10).

FIGURE 3. CO sensing requires a C-tail splice insert. A, example currents
(evoked by step depolarizations from �80 to �10 mV, 100 ms, 0.1 Hz) in cells
expressing the hHT channel isoform (top, as in Fig. 2) or the rHT isoform (bot-
tom), which lacks a C-tail insert. Scale bars, 100 pA (vertical) and 50 ms (hori-
zontal). B, schematic of the splice insert found in hHT but not rHT channel
variants, along with illustration of deletion mutations. The open bars indi-
cate regions remaining, and horizontal lines indicate regions deleted. Only
mutants containing a region that spans the shaded area displayed sensi-
tivity to CO. C, bar graph illustrating mean � S.E. (n 	 9 –20) inhibitory
effect of CORM-2 (30 �M) on the various mutants tested. Dotted line, inhib-
itory effect of iCORM-2 on hHT activity (from Fig. 2B). ***, p � 0.001 versus
the response of hHT to iCORM-2 (unpaired t test).
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CO Inhibition of Ca2� Currents Requires Reactive Oxygen
Species (ROS)—Several reports indicate that CO can increase
intracellular ROS levels via multiple potential mechanisms (34,
35). To investigate their potential involvement, we examined
the ability of the antioxidant MnTMPyP (100 �M, 30-min pre-
incubation) to interfere with the effects of CORM-2. As illus-
trated in Fig. 5A, MnTMPyP fully prevented the inhibitory
actions of CORM-2 (30 �M). Similarly, the CO donor was inef-
fective during a simultaneous exposure to the reducing agent
dithiothreitol (2 mM; Fig. 5A). These data suggested a possible
involvement of ROS in CO-mediated inhibition of L-type Ca2�

channels. We therefore next investigated possible sources of
intracellular ROS. As shown in Fig. 5B, exposure of cells to the
xanthine oxidase inhibitor allopurinol (1 �M, 30-min preincu-
bation) did not alter the ability of CO to inhibit Ca2� currents.
We also examined the effects of apocynin (APO; 30 �M) and (3
�M), known (though not highly selective) inhibitors of NADPH
oxidase. Both agents themselves had modest but significant
inhibitory effects (Fig. 5B), but in their continued presence, the
degree of inhibition caused by CORM-2 was not significantly
different from that observed in the absence of these com-
pounds. Thus, although ROS appear to mediate the effects of
CO, they do not appear to be derived from either xanthine
oxidase or NADPH oxidase.

Mitochondrial ROS Mediate CO Inhibition of Ca2�

Channels—Recent studies have implicated mitochondria as a
source of CO-evoked rises in ROS (34, 35). To investigate their
role in CO-mediated L-type Ca2� channel inhibition, we first
examined the effects of MitoQ, a mitochondria-targeted anti-
oxidant (36). MitoQ (250 nM, 1-h preincubation) fully pre-
vented the inhibition of Ca2� currents by CO, whereas its
control compound (TPP; 250 nM, 1-h preincubation, mito-
chondria-targeted but without antioxidant properties) was
without effect (Fig. 6A). Thus, the source of ROS appeared to be
mitochondrial. To test this idea further, we generated �0 cells
lacking functional mitochondria (see “Experimental Proce-
dures”). Real time reverse transcription-PCR measurements
indicated �99% reduction in mitochondrial DNA for cyto-
chrome b and COX2 in �0 cells, expression levels being 0.006�

FIGURE 4. Inhibition of hHT Ca2� currents by CO does not involve NO or
protein kinase G. A, upper traces, example currents (evoked by step depolar-
izations from �80 to �10 mV, 100 ms, 0.1 Hz) in hHT-expressing cells indicat-
ing the effects of CO applied via 30 �M CORM-2 in the absence of other drugs
(upper left) and in the presence of a NO scavenger (carboxy-PTIO (c-PTIO); 1
mM) and a nitric-oxide synthase inhibitor (NG-nitro-L-arginine methyl ester
(L-NAME); 1 mM). The lower traces show the lack of effect of two NO donors,
SIN-1 (10 �M) and S-nitrosoglutathione (GSNO; 2 mM), and the lack of effect of
the PKG inhibitor PET-cGMPS (100 nM) on the CO-mediated inhibition of cur-
rents, as indicated. Scale bars, 100 pA (vertical) and 50 ms (horizontal). B, bar
graph illustrating mean � S.E. (n 	 5–10) effect of CO in the presence or
absence (solid column) of other drugs examined, as illustrated in A. Dotted line,
inhibitory effect of iCORM-2 on hHT activity (from Fig. 2B). ***, p � 0.001
versus the response of hHT to iCORM-2 (unpaired t test).

FIGURE 5. Inhibition of hHT Ca2� channels by CO involves ROS but not
derived from NADPH or xanthine oxidase. A, left, example currents (evoked
by step depolarizations from �80 to �10 mV, 100 ms, 0.1 Hz) in hHT-express-
ing cells indicating the effects of CO applied via 30 �M CORM-2 in the absence
or presence of MnTMPyP (100 �M) or dithiothreitol (DTT; 2 mM), as indicated.
Scale bars, 100 pA (vertical) and 50 ms (horizontal). Right, bar graph illustrating
mean � S.E. (n 	 7–10) inhibitory effect of CO in the absence (solid column) or
presence of MnTMPyP or dithiothreitol, as indicated. B, example currents
(evoked by step depolarizations from �80 to �10 mV, 100 ms, 0.1 Hz) in
hHT-expressing cells illustrating the effects of CO applied via 30 �M CORM-2
in the additional presence of allopurinol (allo.; 1 �M), DPI (3 �M), or APO (30
�M), as indicated. Scale bars, 100 pA (vertical) and 50 ms (horizontal). Below,
bar graph illustrating mean � S.E. (n 	 6 –9) effect of CO in the presence or
absence (solid column) of other compounds as well as the effects of DPI and
APO themselves. Brackets highlight the percentage inhibition caused by CO
above that caused by either DPI or APO itself. Dotted line, inhibitory effect of
iCORM-2 on hHT activity (from Fig. 2B). ***, p � 0.001 versus the response of
hHT to iCORM-2 (unpaired t test). †††, p � 0.001 versus the response to DPI
alone (unpaired t test). ‡‡‡, p � 0.001 versus the response to APO alone
(unpaired t test).
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0.003% (n 	 3) and 0.004 � 0.002% (n 	 3) of that observed in
control (untreated) cells. In these cells, CO was again without
effect (Fig. 6A). ROS can be produced by the electron transport
chain through electron leak at complexes I and III (37). The
complex I inhibitor rotenone (2 �M) did not alter the ability
of CO to inhibit Ca2� currents (Fig. 6B). However, this effect of
CO was fully prevented by either stigmatellin (1 �M, 1-h prein-
cubation) or antimycin A (3 �M), two inhibitors of complex III
(Fig. 6B). These data therefore suggest that CO inhibition of
L-type Ca2� currents ismediated by ROS generated at complex
III of the mitochondrial electron transport chain.
Cysteine Residues Are Essential for CO Modulation of Ca2�

Channels—Given that ROS clearlymediate the effects of COon
L-type Ca2� channels, we investigated the potential involve-
ment of redox-sensitive cysteine residues. The C-tail splice
insert contains seven cysteine residues as shown in the sche-

matic of Fig. 7. Of these, three (Fig. 7, shaded area) lie in the
region previously determined to be required for CO sensitivity
(aa 1787–1818; Fig. 3). We mutated each in turn to a serine
residue (neutral and of a similar size). Remarkably, each point
mutation rendered the channels completely insensitive to CO,
as illustrated and quantified in Fig. 7. This indicated that all
three cysteine residues were required for CO sensing by the
L-type Ca2� channel.
Mitochondrial ROSMediate CO Inhibition of Native Cardiac

L-type Ca2� Channels—In order to investigate whether mito-
chondrial ROS also mediated CO inhibition of native L-type
Ca2� channels, we exposed cardiac myocytes to MitoQ. Myo-
cytes appeared less tolerant to this agent than HEK293 cells,
since 250 nM MitoQ frequently caused spontaneous contrac-
tion (not shown). However, when exposed to 100 nMMitoQ for
30 min prior to application of 30 �M CORM-2, the inhibitory
effect of the CO donor was not significantly different from that
produced by vehicle alone (Fig. 8). By contrast, identical treat-
ment of cells with the control compound TPP did not alter the
inhibition of native Ca2� currents by CORM-2 (Fig. 8). Thus,
themechanismofCO-mediated channel inhibition determined
inHEK 293 cells also appears to account for the effects of CO in
cardiac myocytes.

DISCUSSION

This study reveals several novel physiological aspects of the
gasotransmitter CO, which is being increasingly appreciated as
an important messenger molecule (1, 2). Most fundamentally,
we report that CO, applied either as the dissolved gas or from
the donor molecule CORM-2, inhibits both native (rat) and
recombinant (human) cardiac L-type Ca2� channels (Figs. 1

FIGURE 6. ROS from complex III of mitochondria mediate CO inhibition of
hHT Ca2� currents. A, left, example currents (evoked by step depolarizations
from �80 to �10 mV, 100 ms, 0.1 Hz), indicating the effects of CO applied via
30 �M CORM-2 in �0 cells or in control cells following a 1-h preexposure to
either MitoQ (250 nM) or its control compound, TPP (250 nM), as indicated.
Scale bars, 100 pA (vertical) and 50 ms (horizontal). Right, bar graph illustrating
mean � S.E. (n 	 6 – 8) inhibitory effect of CO in �0 cells or in control cells
following a 1-h preexposure to either MitoQ or TPP as indicated. B, left, exam-
ple currents (evoked by step depolarizations from �80 to �10 mV, 100 ms,
0.1 Hz) in hHT-expressing cells, indicating the effects of CO applied via 30 �M

CORM-2 in the presence of rotenone (2 �M), antimycin A (3 �M), or stig-
matellin (1 �M) as indicated. Scale bars, 100 pA (vertical) and 50 ms (horizon-
tal). Right, bar graph illustrating mean � S.E. (n 	 5– 6) inhibitory effect of CO
in the presence of the three mitochondrial inhibitors as indicated. Dotted line,
inhibitory effect of iCORM-2 on hHT activity (from Fig. 2B). ***, p � 0.001
versus the response of hHT to iCORM-2 (unpaired t test).

FIGURE 7. CO inhibition of hHT Ca2� channels is dependent on three cys-
teine residues. The upper schematic shows the position of cysteine residues
within the hHT splice insert. The shaded region indicates the region required
for CO sensitivity (aa 1787–1818). Bottom, left, example currents (evoked by
step depolarizations from �80 to �10 mV, 100 ms, 0.1 Hz), indicating the
effects of CO applied via 30 �M CORM-2 on currents evoked in cells expressing
point mutations for each of the three cysteine residues, as indicated. Scale
bars, 100 pA (vertical) and 50 ms (horizontal). Right, bar graph illustrating
mean � S.E. (n 	 6 –12) inhibitory effect of CO on the wild type (WT) hHT
channel and on each of the cysteine to serine mutant channels. Dotted line,
inhibitory effect of iCORM-2 on hHT activity (from Fig. 2B). ***, p � 0.001
versus the response of hHT to iCORM-2 (unpaired t test).
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and 2). The inhibition by CO is due to modulation of the �1C
subunit, since no auxiliary subunits were co-expressed in our
recombinant experiments, suggesting that auxiliary subunits
are not required for channel modulation by CO. Our results
support a previous brief report indicating that CO at saturating
concentration reversibly inhibited L-type Ca2� currents in the
rat embryonic cardiac cell line H9c2 in order to afford protec-
tion against ischemic cell death (38). Surprisingly, given the
cardioprotective properties of CO, this is the only other such
study directly examining the effects of COon cardiac L-type (or
other) Ca2� channel activity.
We also found that channel inhibition by CO requires a nat-

urally occurring splice insert in the cytoplasmic C-tail portion
of the channel (aa 1787–1857 of the hHT variant), a feature that
probably affords variation in sensitivity to CO through differ-
ential expression of splice variants (39).When these splice vari-
ants were first reported, they were not believed to be of func-
tional significance (39). However, we subsequently found that
the splice insert required for CO sensing as shown in the pres-
ent study is also necessary for O2 sensing (26), indicating that
this region is likely to be of physiological importance for chan-
nel regulation, at least by some (CO and O2) but not all (NO;
Fig. 4) physiologically active gases.
Of the numerous signaling pathways now known to be mod-

ulated by CO (1, 29), we found that inhibition of both recombi-
nant and native L-type channels occurs via an increase in ROS
production specifically from mitochondria. Cellular ROS pro-
duction can occur at numerous sites, including NADPH oxi-
dases and xanthine oxidase, and indeed CO can modulate
NADPH oxidase (34). However, the present study suggests that
mitochondria are the source of ROS increases evoked by CO.
Thus, both a general antioxidant (MnTMPyP) and amitochon-

drial targeted one (MitoQ), but not inhibition of NADPH or
xanthine oxidases, prevented the actions of CO. This is in
accordance with previous studies (34, 35, 40). CO is known to
bind to complex IV (cytochrome c oxidase) of the electron
transport chain (see Ref. 40), thereby presumably inhibiting its
acceptance of electrons from complex III and so allowing more
to leak from the chain and form ROS. In support of this, the
effect of CO was prevented by complex III (but not complex I)
inhibition (Fig. 6; see also Ref. 35).
Given that effects of CO were ROS-mediated, we probed the

possible involvement of cysteine residues, since these have pre-
viously been indirectly implicated inO2 sensing by this channel
(41), and maintaining a reduced environment with dithiothre-
itol also prevented the effects of CO (Fig. 5). We found that the
three cysteine residues present in the CO-sensitive splice insert
region (aa 1787–1818) were all necessary for sensitivity to CO.
This is intriguing, given that two are adjacent and the third is
separated by 10 other residues. However, we cannot speculate
as to their possible interactions (e.g. through formation of disul-
fide bridges) until the structure of this region is better under-
stood. The present study, however, reveals that CO may exert
some of its important cardioprotective properties by suppres-
sion of Ca2� influx through L-type Ca2� channels. This occurs
through increased formation of ROS at complex III of themito-
chondrial electron transport chain, which alters channel func-
tion through redox modulation of three critical cysteine resi-
dues in the cytoplasmic C-tail region of this channel.
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