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The transnitrosylating nitric oxide (NO) donor nitrocysteine
(CysNO) induced a disulfide bond between the two regulatory
RI subunits of protein kinase A (PKA). The conventional NO
donor S-nitroso-N-acetylpenicillamine failed to do this, consist-
ent with our observation that it also did not promote protein
S-nitrosylation. This disulfide oxidation event activated PKA
and induced vasorelaxation independently of the classical�-ad-
renergic or NO signaling pathway. Activation of PKA had also
been anticipated to exert a positive inotropic effect on the myo-
cardiumbut did not. The lack of positive inotropywas explained
by CysNO concomitantly activating protein kinase G (PKG) I�.
PKG was found to exert a partial negative inotropic influence
regardless of whether PKAwas activated by classical �-receptor
stimulation or by disulfide bond formation. This work dem-
onstrates that NO molecules that can induce S-nitrosylation
directly activate type I PKA, providing a novel cross-talk to
�-adrenergic-like signaling without receptor or adenylate
cyclase stimulation. However, the expected positive inotropic
consequences of PKA activation by this novel mechanism are
countermanded by the simultaneous dual activation of
PKGI�, which is also activated by CysNO.

Nitric oxide (NO) initiates cell signaling by binding and acti-
vating soluble guanylate cyclase (sGC)2 to produce the second
messenger cGMP. cGMP primarily allosterically activates pro-
tein kinase G (PKG) but can also regulate other proteins.
Although this NO-sGC-cGMP-PKG pathway is well defined
(1), a second major mechanism of NO-dependent regulation
has subsequently emerged. This involves NO covalently ad-
ducting to protein thiols, a process known as S-nitrosylation or
S-nitrosation (2).
Significant evidence continues to accumulate supporting

protein S-nitrosylation as a fundamental regulator of protein
and thus cell function (3). NO is produced in a regulated way

(4), with a defined structural basis for selectivity in the proteins
it covalently modifies (5, 6). Additional regulatory control can
be achieved by the localization of NO synthase enzymes prox-
imal to target proteins (6) and by reverse denitrosylation being
enzymatically controlled (7). Indeed, many proteins appear to
be basally S-nitrosylated, offering the potential for attenuation
(8) as well as potentiation of signaling.
Although stable regulatory S-nitrosylation occurs in some

proteins, in others, it serves as an intermediate prior to transi-
tion to other redox states, especially disulfides (9). Previously,
we searched for proteins that form interprotein disulfides in
response to hydrogen peroxide (H2O2), identifying the regula-
tory RI subunit of protein kinase A (PKA) as such a protein (10,
11). This appears to activate the kinase (11), although themech-
anism is not yet precisely defined. There is a rational structural
basis for interprotein disulfide formation in PKARI in response
to H2O2. The RI dimer is held together by an N-terminal
amphipathic leucine zipper in which themonomers are aligned
antiparallel to each other with both Cys17 residues directly fac-
ing the corresponding Cys38 residues on the opposite chains
(12). H2O2-mediated RI disulfide formation is likely via protein
sulfenic acid formation by one thiol in the Cys17 and Cys38

disulfide-forming pair, prior to reduction by the other cysteine
to yield the covalently conjugated dimer. Intriguingly, this pair
of thiol-disulfide switches in RI is located directly on either side
of the protein kinase A anchor protein-binding domain (13).
This provides a rational structural basis for the PKA RI-protein
kinase A anchor protein interaction being redox-modulated, as
the interaction is strongly anticipated to change depending on
the oxidation state of the cysteine switches, which flank the
interaction locus (11).
We hypothesized that NO may also be able to drive RI

disulfide formation via an S-nitrosylated catalytic redox
intermediate in a mechanism analogous to transient sulfena-
tion formation during H2O2-induced covalent conjugation.
This conceptual link betweenNO and PKAwas investigated by
comparing the biochemical and functional responses of cardio-
vascular tissue to the NO donors S-nitroso-N-acetylpenicilla-
mine (SNAP) and nitrocysteine (CysNO). The authentic NO
donor SNAP did not promote RI disulfide formation, whereas
CysNO did so efficiently, consistent with its established thiol-
oxidizing transnitrosylating ability.We show that disulfide-me-
diated activation of PKA significantly contributes to vasorelax-
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ation induced by CysNO. However, disulfide activation of PKA
failed to exert a positive inotropic influence in isolated hearts
exposed to CysNO, which was difficult to reconcile with the
kinase being truly activated by oxidation. Further investigations
showed that this lack of positive inotropy following CysNO-
induced oxidation is explained by the co-activation of PKGI�,
which we demonstrated previously can be disulfide-activated
(15). PKGI� serves as a master regulator of cardiac inotropy,
dominating the system to prevent increases in cardiac contrac-
tility. Thus, thiol-oxidizing derivatives of NO can activate PKA
and so exert �-adrenergic-like signaling, although dual activa-
tion of PKG prevents the anticipated positive inotropy.

EXPERIMENTAL PROCEDURES

Isolated Heart Perfusion Protocols—Isolated rat hearts were
stabilized in Langendorff mode for 30 min before being per-
fused at a constant flow with a selected drug. To maintain the
time matching in some perfusion protocols, hearts were stabi-
lized for 20 min and then perfused at a constant flow with the
PKG inhibitor KT5823 (10 �M) for 10 min before further treat-
ment. In one series of experiments, after stabilization, hearts
were perfused at a constant flow for 5 min with isoprenaline
before 5 min of continued treatment either with isoprenaline
alone or with both isoprenaline and SNAP. In some experi-
ments, isolated hearts were frozen in liquid nitrogen at the end
of the perfusion protocol for protein analysis.
Detection of S-Nitrosylated Proteins—Each heart was pre-

pared by weighing and then homogenizing in 10% (w/v) buffer
containing 100 mM Tris (pH 7.4), 0.2 mM neocuproine, 1 mM

diethylenetriaminepentaacetic acid, 100 mM maleimide, and
protease inhibitors (Roche Applied Science). A variation on the
original biotin-switch method was used to determine the
extent of protein S-nitrosylation in each heart homogenate.
The chelators neocuproine (0.2 mM) and diethylenetri-
aminepentaacetic acid (1 mM) were used throughout the
protocol. Maleimide was removed after 25 min of incubation
at 50 °C using protein spin desalting columns (Pierce). S-Ni-
trosylated proteins were reduced and then labeled using 30
mM ascorbate and 0.1 mM biotin-maleimide. Labeled pro-
teins were then detected by probing samples with horserad-
ish peroxidase-conjugated streptavidin.
N-terminal PKGI� Expression—Primers were designed to

subclone the first 100 amino acids of N-terminal wild-type
PKGI� into the pMSV vector (kind gift fromDr.Martin Single-
ton, Cancer Research UK) using a construct for full-length
PKGI� (provided by Dr. Darren Browning, Medical College of
Georgia, Augusta, GA). The N-terminal 100 amino acids of
PKGI� was expressed as a His-tagged fusion protein in Rosetta
2(DE3)pLysS cells and purified usingNi2�-Sepharose following
a standard protocol. In experiments to assess disulfide dimer-
ization in response to CysNO, purified N-terminal PKG was
reduced by preincubation with 2 mM dithiothreitol for 10 min.
This was followed by the addition of either buffer or 1 mM

CysNO for 5 min at room temperature before quenching the
reactionwith SDS sample buffer containing 100mMmaleimide.
Adult Rat Ventricular Myocyte Isolation—Adult rat ventric-

ular myocytes were isolated from male Wistar rat hearts as
described previously (14). The isolated adult rat ventricular

myocytes were kept in modified Tyrode’s buffer for 3 h at
room temperature before treatment. To assess kinase disul-
fide dimerization, cells were treated either with 100 �M

SNAP or 100 �M cysteine or with both 100 �M SNAP and 100
�M cysteine for 20 min at room temperature. Reactions were
quenched by the addition of sample buffer containing 100
mM maleimide.
Immunoblotting—Phospholamban phosphorylation at Ser16

was detected in hearts perfused with SNAP from reducing
SDS-polyacrylamide gels transferred to polyvinylidene difluo-
ride membranes using a standard immunoblotting protocol
with an antibody supplied by Dr. William Fuller (University of
Dundee). Kinase disulfide dimerization in hearts perfused with
CysNO was determined by transferring proteins from nonre-
ducing SDS-polyacrylamide gels to polyvinylidene difluoride
membranes and then immunoblotting for PKGI� (E-17, Santa
Cruz Biotechnology) or PKARI (BD Biosciences) using specific
antibodies.
Measurement of Tension in Isolated Aorta—Tension in iso-

lated rat aortas was determined using organ chambers and a
method that has been described previously (15). In short, ves-
sels were set at a resting tension of 1 g, which was maintained
over 1 h before priming twice with 48mMKCl. The phenyleph-
rine concentration required to obtain 80% constriction was
determined by carrying out a dose-response curve on each
vessel. The integrity of the endothelium for each vessel was
assessed using 10 �M acetylcholine. If the acetylcholine did not
generate 50% relaxation after phenylephrine treatment, vessels
were discarded. All vessels underwent a relaxation dose-re-
sponse curve to either SNAP or CysNO before being treated
with inhibitors. Vessels were incubated for 30 min in the
absence or presence of the sGC inhibitor 1H-[1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ; 5 �M) or the adenylate
cyclase inhibitor 2�,5�-dideoxyadenosine (10 �M). In addition,
some vessels were incubated with ODQ in combination with
either the PKG inhibitor (Rp)-8-bromo-cGMP (100 �M) or the
PKA inhibitor (Rp)-8-bromo-cAMP (100 �M) for 30 min. After
incubation, vessels were constricted to 80% using phenyleph-
rine and then treated with an increasing dose of either SNAP or
CysNO.

RESULTS

Isolated perfused rat hearts were exposed to the NO donor
SNAP and assessed using the biotin-switch method for protein
S-nitrosylation. A range of SNAP treatment times (0.5–30min)
were assessed, as was a dose response (Fig. 1A), but no alter-
ation in protein S-nitrosylation was observed. If a cardiac
homogenate was directly exposed to SNAP in vitro, marked
protein S-nitrosylation resulted, confirming that the biotin-
switch method was indeed operational. The lack of SNAP-in-
duced S-nitrosylation may have been explained by its rapid
degradation when prepared in the aqueous perfusion buffer.
Consequently, the cardiac tissue samples analyzed using the
biotin-switch method were also assessed byWestern immuno-
blotting for PKG substrate phosphorylation (Fig. 1B). It was
evident that phospholamban became rapidly phosphorylated in
hearts exposed to SNAP, showing the NO donor is bioavailable
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to the tissue and induces phosphosignaling but does not pro-
mote S-nitrosylation.
In notable contrast to SNAP, the NO donor CysNO pro-

moted robust protein S-nitrosylation in a dose-responsive
manner (Fig. 1C). Consistent with this CysNO-induced protein
oxidation by S-nitrosylation, we also observed disulfide oxida-
tion of the redox-modulated kinases PKGI� and PKA RI (Fig.
2A). In contrast, SNAP did not induce the disulfide in either of
these kinases. The N terminus of PKGI� was also exposed to
CysNO in vitro, causing disulfide formation as shown in the
Coomassie-stained gel (Fig. 2B). This illustrates that CysNO
itself has the potential to drive directly disulfide formation (via
transient S-nitrosylation) without a requirement for other
components and so could also be the mechanism that operates
in cells. Consistentwith the lack of SNAP-induced protein S-ni-
trosylation or kinase disulfide bond formation in isolated per-
fused hearts, this NO donor also failed to induce these oxida-
tion events in a primary culture of isolated ventricularmyocytes
(Fig. 2C). However, when the myocytes were exposed to SNAP
in combination with cysteine, this efficiently induced disulfides
in both PKA and PKG. In control experiments in which myo-
cytes were exposed to cysteine alone, there was no disulfide
formation (Fig. 2C).
Wemonitored the contractile performance of isolated hearts

exposed to CysNO, a treatment that generates the disulfide
oxidation state in PKA and PKG (Fig. 3A). The left ventricular
developed pressure (LVDP) was rapidly depressed by 16.6 �
2.4% upon exposure to the oxidizing NO donor. This was sur-
prising because we had anticipated a positive inotropic
response, as we equate disulfide PKA RI with activation of this
kinase, which couples to increased cardiac output. As PKG is
capable of exerting partial negative inotropic effects (16–18),
we hypothesized that its concurrent activation might override
the influence of PKA activation and explain why LVDPwas not
increased. To examine this, we promoted disulfides in PKA and
PKG by H2O2 treatment, choosing this as a “cleaner” interven-
tion than CysNO, which is more complex, as it simultaneously
triggers the classical NO-sGC-cGMP-PKG pathway. Again,
H2O2 treatment did not elevate LVDP, but this again was
hypothesized to be a result of simultaneous PKG activation,
possibly countermanding the PKA activation. To test this idea,
we compared the LVDP response to H2O2 in the presence and
absence of the PKG inhibitor KT5823. Indeed, inhibition of
PKG activity during H2O2 treatment led to a positive inotropic
LVDP increase (Fig. 3B). To further assess the ability of PKG to
dominate PKA and prevent positive inotropy, we exposed
hearts to isoprenaline with or without co-treatment with
SNAP. Isoprenaline induced a marked increase in LVDP as
expected, but the co-administration of SNAP rapidly exerted a
negative inotropic effect, lowering contractile performance
below basal levels (Fig. 3C). This depression of LVDP below

FIGURE 1. A, isolated perfused rat hearts were exposed to the NO donor SNAP
for different durations or concentrations before being assayed for protein
S-nitrosylation using the biotin-switch method. All attempts to induce pro-
tein S-nitrosylation by administering SNAP to intact hearts failed. However, if
a cardiac homogenate was exposed to SNAP in vitro, S-nitrosylation was

observed. B, although SNAP failed to induce protein S-nitrosylation in the
perfused heart, it did modulate the phosphorylation status of phospholam-
ban in a time- and dose-dependent manner, consistent with activation of the
NO-cGMP-PKG pathway and demonstrating that the NO donor was indeed
bioavailable to the tissue. C, in marked contrast to SNAP, when the NO donor
CysNO was perfused into the heart, it induced a dose-dependent increase in
protein S-nitrosylation. Mwt, molecular weight; P-Time, perfusion time.
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basal levels is consistent with the NO donor assessed in this
model, namely CysNO (Fig. 3A).
In isolated hearts, the LVDP contractile response to CysNO

and H2O2 is complicated by their also promoting coronary
vasorelaxation. A reduction in coronary flow may depress con-
tractility via a hydraulic mechanism that is independent of
kinase activation (19). To assess this, we examined the influence
of CysNO and H2O2 on coronary perfusion pressure (Fig. 4A).
Despite both agents lowering perfusion pressure as anticipated,
it is evident from Fig. 3 (A and B) that only CysNO reduced
LVDP, whereas H2O2 did not affect it. This is despite H2O2
inducing essentially double the vasodilation of CysNO. To fur-
ther address this issue, we monitored perfusion pressure in
hearts treated with isoprenaline alone or with isoprenaline and
then both isoprenaline and SNAP. It is clear that isoprenaline
had a positive inotropic action (Fig. 3A), and this actually
occurred at a time when perfusion pressure was reduced
(Fig. 4B). When SNAP was co-administered in the presence of
isoprenaline, it depressed LVDP compared with the isoprena-
line-alone control. This depression in LVDP again was not
explained by the lowering of perfusion pressure, as this was
already markedly reduced and was unaffected by co-treatment
with SNAP. This is consistent with activation of the PKG path-
way exerting a negative inotropic effect that can override the
otherwise positive influence of the PKA pathway.
The intricate interrelationship of perfusion pressure and

contractility in the isolated hearts also complicates our obser-
vations with the PKG inhibitor KT5823. The ability of KT5823
to induce a positive inotropic response when co-administered
in the presence of H2O2 (Fig. 3B) could be due to inhibition of a
basal unstimulated PKG activity that couples to a partial nega-
tive inotropy. When we aerobically perfused isolated hearts
withKT5823, therewas indeed amarginal increase in perfusion
pressure (Fig. 4C). However, at that time, there was a corre-
sponding minor decrease in LVDP (Fig. 4D) and certainly not
an increase, which may be anticipated with an elevation in per-
fusion pressure.

Regulation of vasotone is predominantly associated by many
with activation of PKG, primarily through the NO-sGC-cGMP
pathway. Previously, we have shown that disulfide activation of
PKGcan also promote vasorelaxation and that this is independ-
ent of elevations in cGMP (15). In addition, although perhaps
less well appreciated, classical cAMP-dependent PKA activa-
tion also couples to vasorelaxation. Thus, PKA activation
involving RI disulfide oxidation may also contribute to the
vasorelaxive responses to oxidants. To examine this, we com-
pared the vasorelaxive properties of SNAP and the thiol-
oxidizing CysNO donor in isolated vascular rings from rat
thoracic aorta. SNAP elicited a classical dose-response vasore-
laxation curve, which was significantly inhibited (rightward
shift) by the adenylate cyclase inhibitor 2�,5�-dideoxyadenosine
(Fig. 5A). These SNAP-induced relaxations were fully pre-
vented by the sGC inhibitor ODQ. In contrast, CysNO relax-
ations were not modulated by 2�,5�-dideoxyadenosine at all, and
only ODQ had a partial inhibitory effect (Fig. 5B). In essence,
CysNO induced vasorelaxation independently of the classical
NO-sGC signaling paradigm. As CysNO induces disulfide activa-
tions of PKARI and also PKGand as both kinases signal to vasore-
laxation, we sought to determine the relative contribution of each
to this phenomenon. Thus, CysNO-induced relaxations of rat
aorta were compared in the presence and absence of either a PKA
or PKG inhibitor. The dose response to CysNO was significantly
rightward-shifted by inhibitors of both kinases, butmore so by the
PKA antagonist (Rp)-8-bromo-cAMP.

DISCUSSION

Evidence supporting protein S-nitrosylation as a fundamen-
tal regulator of proteins and cell function continues to emerge
(3). Many proteins are controlled by stable S-nitrosylation,
which can be induced and reversed in a regulated way by NO
synthase and thioredoxin enzyme systems, respectively (7). The
regulatory RI subunit of PKA exists as a homodimer, with two
pairs of precisely aligned cysteine thiols that allow two inter-
chain disulfides to form under pro-oxidizing conditions (11).

FIGURE 2. A, consistent with CysNO inducing widespread S-nitrosylation, this treatment also caused disulfide oxidation of the redox-modulated kinases PKGI�
and PKA RI. B, CysNO also efficiently induced disulfide formation in recombinant N-terminal PKGI�, demonstrating that this oxidation state can result as a direct
reaction of the oxidizing NO donor and the kinase. This supports the possibility that CysNO may directly S-nitrosylate the kinases in vivo prior to self-reduction
and consequential disulfide bond formation. C, by themselves, SNAP and cysteine failed to induce PKGI� or PKA RI interprotein disulfide bond formation.
However, together, they efficiently induced disulfides into both kinases, consistent with SNAP S-nitrosylating cysteine extracellularly before transport into the
cell, where it modifies proteins.
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PKGI� is also a homodimer, with the Cys42 residues from each
of the polypeptides correctly aligned with each other to form a
disulfide (20), which they do when exposed to oxidants such as
H2O2 (15).

We reasoned that NO may promote interchain disulfides in
each of these kinases in a scenario whereby S-nitrosylation
occurs at one of the redox-active thiols before reduction by the
adjacent thiol on the other polypeptide. SNAP completely
failed to induce disulfide formation in PKA or PKG, whereas
CysNO did so very efficiently in a dose-dependent manner.
This is consistent with the observations of others, who found
that donors that release authentic NO did not promote protein
S-nitrosylation (21, 22). In contrast, the transnitrosylatingmol-
ecule CysNO promoted the modification effectively. SNAP
delivers NO into the cell after breaking down extracellularly
and then diffusing inward, after which it is rapidly sequestered
by protein heme groups, preventing widespread adduction to
thiols. Heme is crucial for NO binding to and activating cGMP
production by sGC, an event that clearly happens in SNAP-
perfused hearts, as evidenced by phosphorylation of down-
stream targets of PKG. Unlike SNAP, CysNO can be trans-
ported into the cell by the amino acid transporters (22),
subsequently directly transferring its NOmoiety to induce effi-
cient S-nitrosylation (21). The transport process and the tran-
snitrosylating chemistry are dual requisites for S-nitrosylation,
as nitrosoglutathione (which is not transported) poorly nitrosy-
lates intracellular proteins (22). The crucial role of transport
into the cell is supported by the observation that SNAP treat-
ment can induce a disulfide in PKA and PKG when carried out
in the presence of cysteine, consistent with the extracellular
formation of the nitrosothiol before subsequent inward trans-
port. Of course, when CysNO enters the cell, it is exposed to a
complex pro-reducing redox environment, which provides
potential for undefined secondary reactions involving unde-
fined chemistry. However, we found that CysNO is capable of
directly inducing a disulfide in recombinant PKGI� in vitro,
supporting the prospect of these direct reaction events in cells.
Previous work from our laboratory demonstrated that when

PKA or PKG forms an interprotein disulfide in response to
oxidant stress, this activates the kinases (11, 15). These disulfide
oxidations enable activation of kinases independently of cellu-
lar elevations in their respective cyclic nucleotides, leading to
phosphorylation of their substrates and replication at least in
part of some of the hallmarks of the classical activation of these
kinases. Thus, activation of PKG couples vasorelaxation either
by the conventional NO-sGC-cGMP pathway or by direct
disulfide activation of the kinase. Although we found that PKG
can be directly activated by oxidation in a cGMP-independent
manner, we did not definitively show the same for PKA. Type I
PKA is sensitized to a fixed cAMP concentration by an
increased concentration of the substrates it phosphorylates
(23), a phenomenon not featured by type II PKA (24). As disul-

FIGURE 3. A, the LVDP of isolated rat hearts was rapidly depressed by 16. 6 �
2.4% when exposed to CysNO. A positive inotropic response had been antic-
ipated, as we equate disulfide PKA RI with activation of this kinase, which
should increase cardiac work. We hypothesized that the negative inotropy
was due to the simultaneous activation of PKG by CysNO, which activates this
kinase classically by its NO donor capability and also by disulfide oxidation.
B, to avoid the additional complexity of CysNO being an NO donor as well as
a disulfide inducer, LVDP was monitored in hearts exposed to H2O2 with or
without co-treatment with the PKG inhibitor KT5823. H2O2 induced disulfide
bond activation of PKGI� and PKA RI without stimulating the NO-sGC path-
way. By inhibiting PKG during the H2O2 treatment, an underlying activation of

PKA by disulfide bond formation was unveiled, resulting in the observed pos-
itive inotropy. C, to examine the possibility that PKG dominates in the face of
PKA activation and prevents positive inotropy, we exposed hearts to isopren-
aline (ISO) with or without co-treatment with SNAP. Isoprenaline increased
LVDP as expected, whereas the co-administration of SNAP rapidly exerted a
negative inotropic effect.

Transnitrosylating NO Species Directly Activate Type I PKA

29264 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 43 • OCTOBER 23, 2009



fide oxidation of RI translocates from the cytosol to locations
enriched with PKA substrates (membranes and myofilaments)
(11), it is possible that this relocation process engages this
kinase sensitization process. This maymean that disulfide acti-
vation of PKA is still dependent on its cyclic nucleotide second
messenger, which is not the case for PKG.
The direct disulfide-mediated activation of PKAwithout ele-

vations in cAMP was anticipated to also contribute to oxidant-
induced vasorelaxation. This was reasoned on the basis that
classical activation of PKA by cAMP contributes to vasorelax-
ation in response to prostanoids or�-receptor stimulation (25).
Consistent with these ideas, we found that CysNO treatment
induced vasorelaxation of rat thoracic aorta that was sensitive
to pharmacological inhibition of either PKA or PKG. Thus,
disulfide activation of both kinases contributes to the resulting
vasorelaxation following treatment with thiol-oxidizing forms

of NO. These observations are consistent with the CysNO
vasorelaxation being only partially inhibited by the sGC inhib-
itor ODQ and not by adenylate cyclase inhibition by 2�,5�-
dideoxyadenosine. This CysNO-induced vasorelaxation is in-
dependent of elevations in cyclic nucleotides, as also observed
with H2O2-induced activation of these kinases (11, 15). CysNO
vasorelaxation is expected to be only partially ODQ-sensitive,
as this NO donor also oxidatively activates PKA and PKG as
well as releasesNO to initiate the classical sGC-cGMPpathway.
The relative insensitivity of CysNO vasorelaxation to ODQ
is in striking contrast to that induced by SNAP, which is fully
blocked by sGC inhibition. This conspicuous difference
between the mechanisms of action of these two NO donors
reflects their differing chemical properties outlined above.
Thus, SNAP and CysNO both activate sGC, but only the latter
directly oxidizes the kinases to yield disulfide bond formation

FIGURE 4. A, both CysNO and H2O2 rapidly lowered the perfusion pressure in rat coronary vessels, with the former exerting a more marked vasodilatory
response. B, isoprenaline rapidly reduced coronary perfusion pressure. When SNAP was then administered simultaneously with isoprenaline (ISO), perfusion
pressure remained depressed and similar to that observed with isoprenaline alone. This lack of effect of SNAP on perfusion pressure was in marked contrast to
its negative influence on LVDP (Fig. 3C). C, aerobically perfused isolated hearts exposed to the PKG inhibitor KT5823 responded with a marginal time-depend-
ent increase in perfusion pressure, which may be consistent with a limited contribution of this kinase to coronary tone under basal conditions. D, during the
treatment of the aerobic heart with the KT5823 inhibitor, there was a small time-dependent depression in LVDP contractility.
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and activation. Thus, NO (in a form
that induces thiol oxidation) can
activate PKA to yield vasorelax-
ation, events normally triggered by
�-adrenergic signaling.

If thiol-oxidizing NO donors
truly mimic the events of �-adre-
nergic signaling by direct activation
of type I PKA, a rational expectation
is that they should exert a positive
inotropic effect on the heart. This
was not the case, as CysNO was in
fact partially negatively inotropic,
attenuating the LVDP contractile
response. Similarly, H2O2 also failed
to enhance LVDP, despite both
interventions inducing RI disulfide
formation, an oxidative modifica-
tion thatwe advocate activates PKA.
This observation confounds our
hypothesis regarding PKA activa-
tion via RI disulfide formation, as
enhanced contractility is essentially
a gold standard marker for activa-
tion of this kinase. However, a
review of the literature highlighted
the potential for PKG activation to
exert a negative inotropic influence
(17, 18), capable of overriding the
otherwise positive effects of PKA
(16). Consequently, we hypothe-
sized that the failure of RI-oxidizing
compounds (CysNO and H2O2) to
be positively inotropic may be
because they also simultaneously
co-activate PKGI�. To assess this,
we monitored hearts before and
after H2O2 treatment and found
that LVDP did not change. How-
ever, when H2O2 treatment was
repeated in the presence of a PKG
inhibitor, we found that it was posi-
tively inotropic. Furthermore, the
positive inotropy induced by the
�-agonist isoprenaline was mark-
edly attenuated when an NO donor
was co-administered to an isolated
heart. Even in the presence of robust
PKA stimulation by isoprenaline-
induced cAMP production, NO
reduced the contractility below
basal levels. The presence of NO
donors (either CysNO or SNAP)
reduced contractility by �17% of
basal levels regardless of the activa-
tion state of PKA (i.e. with or with-
out the presence of isoprenaline).
This suggests that PKG controls a
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“master switch” governing excitation-contraction coupling,
overriding the phosphorylation events induced by PKA. It is
interesting to speculate on themolecular identity of this switch,
which could be the L-type Ca2� channel. Recently, PKGI�, the
redox-active isoform investigated here, was shown to phospho-
rylate Cav1.2�1c and �2 subunits of the L-type Ca2� channel to
negatively regulate it (26). This would reduce trigger calcium
and likely explain the negative inotropic influence of activating
PKG via theNO-sGC-cGMPpathway or by disulfide oxidation.
There is a complex relationship between contractile function

and coronary perfusion pressure in themyocardium.This com-
plicates the mechanistic interpretation of drugs such as H2O2
and CysNO, which modulate both contractility and vasotone.
Increased coronary perfusion pressuremay increase contractil-
ity as a result of the Gregg phenomenon (19). When the coro-
nary pressure in isolated hearts becomes elevated, there can be
a resulting increase in contractility caused by a hydraulicmech-
anism, often referred to as the garden hose effect (19). Thus, the
reduction in contractility upon CysNO treatment may be sim-
ply due to these phenomena, meaning that the reduced con-
tractility with CysNO may be simply a physical hydraulic con-
sequence of lowering the tone of the coronary vessels and
independent of kinase activation in the ventricular myocytes.
Indeed, when we perfused hearts with CysNO, we observed
vasorelaxation, and this correlated with a depression in LVDP.
However, when we perfused hearts with H2O2, we also
observed relaxation, but this was notably without any alteration
in LVDP. Thus, the depression of LVDPbyCysNO is consistent
with PKG activation as suggested and not simply a physical
consequence of lowering coronary tone.
Further insight into this issue was provided by hearts

treated with isoprenaline alone or with isoprenaline fol-
lowed by isoprenaline and SNAP. Isoprenaline promoted a
strong positive inotropic action and a marked vasodilation.
These PKA-mediated events clearly override the Gregg phe-
nomenon/garden hose effect (19). Furthermore, when SNAP
and isoprenaline were given together, LVDP was depressed
compared with the isoprenaline-alone control. Again, this
cannot be explained simply by physical consequences of
reducing perfusion pressure, as this was already markedly
reduced by the preceding isoprenaline treatment and was
unaffected when SNAP was administered. Overall, it is clear
that PKA activation (with isoprenaline) exerts positive ino-
tropic effects. However, when the NO-sGC-PKG pathway
was stimulated with SNAP, there was an overriding negative
inotropy. It is evident that these contractile responses can-
not be explained by the Gregg phenomenon/garden hose
effect (19) but are consistent with our contention that clas-
sical or oxidative disulfide activation of PKG overrides the
otherwise positive inotropy induced by PKA.

Previous studies have investigated the influence of NO and
relatedmolecules on sGC-independentmodulation of contrac-
tility. For example, Paolocci et al. (27) found that SIN-1 and
peroxynitrite (OONO�) promoted positive inotropy inde-
pendently of cGMP production. Although these agents may
have exerted their actions via S-nitrosylation reactions, this oxi-
dative modification was not measured. SIN-1 is a dual NO and
superoxide donor that efficiently yields OONO�, which nitrates
proteins at tyrosine residues and promotes alternate thiol oxida-
tion states such as S-glutathiolation (28). Suchmodifications may
be more likely to occur than S-nitrosylation in tissue exposed to
OONO� and somay underlie the functional responses.

This complexity of mixed redox state, along with the con-
comitant classical NO-sGC-cGMP signaling depending on the
precise NO donor/oxidant utilized, may help explain differ-
ences between studies. For example, Chesnais et al. also
observed a positive inotropy followingOONO� treatment (29),
whereas in other studies, they found that SIN-1 (which can also
yield OONO�) along with the NO donors sodium nitroprus-
side and SNAP exerted a negative inotropy effect (30). An addi-
tional complexity of the effects of OONO� on contractility
results from its interfering with �-adrenergic signaling, attenu-
ating isoprenaline-induced phosphorylation of phospholam-
ban (31). Precisely howOONO� interfereswith PKA-mediated
phosphorylations at amolecular level is unclear, but a variety of
thiol- and tyrosine-targeted modifications may be responsible.
With regard to protein S-nitrosylation, several muscle proteins
that are integral to regulated contractile function are modu-
lated in this way, including the ryanodine receptor (32), potas-
sium channels (33), the L-type calcium channel, and SERCA
(34).
Oxidative and nitrosative stress is associated with multiple

cardiovascular diseases, and it is interesting to speculate that
disulfide modifications of PKA and PKGmay participate in the
etiology of these. Thus, these eventsmay contribute to injury in
which loss of redox homeostasis occurs, such as ischemia and
reperfusion injury, sepsis, and heart failure. In addition, it
remains possible that these disulfide-mediated events that are
driven by thiol-oxidizing forms of NO contribute to homeo-
static regulation of function during health. Finally, it is possible
that drugs that regulate cardiovascular function, such as glyc-
erol trinitrate and nitroxyl, exert some of their effects via kinase
disulfide formation, consistent with evidence suggesting that
they can oxidize thiols (35, 36), although the enhanced cardiac
contractility resulting from nitroxyl treatment is independent
of PKAandPKGactivity (37). Furtherwork is required to assess
the role of kinase disulfide activation in cardiovascular health
and disease.
Overall, we conclude that thiol-oxidizingNOmolecules pro-

mote �-adrenergic-like signaling by promoting intermolecular

FIGURE 5. A, the vasorelaxive properties of SNAP and the thiol-oxidizing CysNO donor were compared in isolated vascular rings from rat thoracic aorta. SNAP
elicited a classical dose-response vasorelaxation curve, which was significantly inhibited (rightward shift) by the adenylate cyclase inhibitor 2�,5�-dideoxya-
denosine (DDA). The SNAP-induced relaxations were entirely prevented by the sGC inhibitor ODQ. DMSO, dimethyl sulfoxide. B, CysNO also induced vasore-
laxation, albeit this was only partially sensitive to ODQ. Thus, CysNO can induce vasorelaxation independently of the classical NO-sGC signaling paradigm,
consistent with it directly activating PKA and PKG by disulfide oxidation. C, CysNO-induced relaxations of rat aorta were examined in the presence and absence
of either a PKA or PKG inhibitor. The dose response to CysNO was significantly rightward-shifted by inhibitors of either kinase, but more so by the PKA
antagonist (Rp)-8-bromo-cAMP. Overall, CysNO induced vasorelaxation independently of sGC, involving the activation of both PKA and PKG by interprotein
disulfide bond formation.
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disulfide bonds in type I PKA. Although this new NO-PKA
pathway couples to vasorelaxation, the influence on cardiac
contractility is complex, as PKGI� is concurrently activated,
and this overrides the anticipated positive inotropy.
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