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Abstract

Objective: This study was undertaken to analyze whether nitric oxide (NO) modulates the human potassium channel hKv1.5, which
generates the ultrarapid delayed rectifier current (IKur) that determines the height and duration of atrial action potentials.
Methods: Currents were recorded using the whole-cell patch-clamp in Ltk− cells expressing hKv1.5 channels.
Results: The NO donors (±)-S-Nitroso-N-acetylpenicillamine (SNAP) and sodium nitroprusside, a NO solution, and L-Arginine inhibited
hKv1.5 currents in a concentration-dependent manner. The NO concentration in the cell chamber was monitored using a sensor, and the IC50

for NO-induced hKv1.5 block was 340±70 nM. SNAP also inhibited the IKur recorded in mouse ventricular myocytes. The NO effects were
partially mediated by the activation of the soluble guanylate cyclase (sGC)/cGMP/cGMP-dependent protein kinase (PKG) pathway. The
biotin-switch assay demonstrated the presence of S-nitrosylated cysteines (Cys) on the hKv1.5 protein in SNAP-treated cells. Molecular
modeling of hKv1.5 channel structure suggests that S-nitrosylation of Cys331 (segment 2, S2) and Cys346 (S2) would be stabilized by
hydrogen bridge bonds with Ile262 (S1) and Arg342 (S2), respectively.
Conclusions: NO inhibits the hKv1.5 current by a cGMP-dependent mechanism and by the S-nitrosylation of the hKv1.5 protein, an effect
that contributes to shaping the human atrial action potentials.
© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is a diffusible messenger that plays a
key role in the cardiovascular system [1]. NO indirectly
regulates cardiac function through its modulation of the
coronary reserve and peripheral hemodynamics. Further-
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more, NO directly regulates many cardiac functions includ-
ing contraction, relaxation and rate, as well as the
mitochondrial respiration, the cellular redox state, and the
hypertrophy and apoptosis processes. Indeed, both the
excessive and/or defective myocardial production of endo-
genous NO has been implicated in various pathological states
like cardiac failure and postinfarction ventricular remodeling
[1–4].

In the human atrial myocardium the action potential (AP)
duration and refractoriness are largely determined by the
balance between the inward L-type Ca2+ current (ICa,L) and
several outward K+ currents [5,6]. One of these K+ currents,
the ultrarapid component of the delayed rectifier (IKur), is
ed by Elsevier B.V. All rights reserved.
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exclusively present in the atria compared to the ventricular
tissue and critically determines the duration and the
membrane potential level of the plateau phase [5,6]. Previous
reports demonstrated that NO inhibits the fast component of
the delayed rectifier current (IKr) [7], whereas it increases the
slow component (IKs) [8]. However, the effects of NO on the
IKur, which is carried by hKv1.5 channels [5,6], are presently
unknown. In contrast, the effects of NO-donors on ICa,L have
been extensively studied, and both inhibitory and increasing
effects were described. Inhibitory effects were attributed to a
redox reaction on thiol groups of the channel, whereas
increasing effects were due to the inhibition of the cGMP-
induced inhibition of cGMP-inhibited phophodiesterase
[9,10].

In the human atria the maintenance of the duration and the
height of the plateau phase determines the excitation–
contraction coupling, and is critical for the prevention of
the occurrence of the periodic activity of sustained, high
frequency, functional reentrant sources (rotors) that can be
responsible for the most common arrhythmia, atrial fibrilla-
tion (AF) [11]. Therefore, considering the physiological
relevance of the modulation of IKur, we studied the effects of
NO on hKv1.5 channels and IKur, as well as the intracellular
signaling pathway responsible for these effects.

2. Methods

2.1. Cell culture, mouse myocyte isolation and solutions

Mouse fibroblasts (Ltk− cells) stably expressing hKv1.5
channels and untransfected Chinese hamster ovary cells
(CHO) were cultured as previously described [12,13], and
perfused with an external solution containing (mM): NaCl
130, KCl 4, CaCl2 1,MgCl2 1, HEPES 10 and glucose 10 (pH
7.4 with NaOH). CD-1 mice ventricular myocytes were
enzymatically isolated and perfused with the same external
solution supplemented with tetrodotoxin 0.03 mM and CoCl2
2 mM as described [12,14]. Recording pipettes were filled
with internal solution containing (mM): K-aspartate 80, KCl
42, KH2PO4 10, MgATP 5, phosphocreatine 3, HEPES 5 and
EGTA 5 (pH 7.2 with KOH). The investigation conforms
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

The NO donors (±)-S-Nitroso-N-acetylpenicillamine
(SNAP, Calbiochem, Germany) and sodium nitroprusside
(SNP, Sigma, USA) were initially dissolved in ethanol and
water, respectively, to yield 0.01 M stock solutions. Control
solutions contained the same solvent concentration as the test
solution. NO donor solutions were prepared fresh for each
experiment. To prepare the NO solution, the external solution
was bubbled with argon (Ar) for 20–30 min in a gas wash
bottle obtaining an O2-free solution and, then, with NO
(450 ppmNO/Ar) [15]. The NO concentration was monitored
in real time in the chamber where the electrophysiological
experiments were done, with an ISO-NO meter (World
Precision Instruments Inc., United Kingdom) coupled to a
data acquisition hardware and recording software Chart v4.12
(PowerLab, and AD Instruments, Panlab, Spain) [16]. Cells
were superfused with NO or NO donor solutions until steady-
state effects were reached (≈10 min), and thereafter with
drug-free solution (washout). Over the mean duration of the
experiments the hKv1.5 current in control conditions
remained unaffected (see inset in Fig. 2A).

2.2. Recording techniques and analysis

hKv1.5 and IKur currents were recorded using the whole-
cell patch-clamp configuration at ≈24 °C with 200B patch-
clamp amplifiers (Axon Instruments, USA). Capacitance and
series resistance were optimized, and ≈80% compensation
was usually obtained. Maximum hKv1.5 current amplitudes at
+60 mV averaged 1.5±0.2 nA, and mean uncompensated
access resistance and cell capacitance 2.4±0.6MΩ and 10.8±
0.6 pF, respectively (n=28). Maximum outward K+ current
amplitude in mouse ventricular myocytes at +50 mVaveraged
2.3±0.4 nA, whereas mean capacitance, access resistance and
uncompensated access resistance were 211±34 pF, 5.9±
1.6 MΩ, and 1.7±0.4 MΩ, respectively (n=7). Thus, under
these conditions no significant voltage errors (<5 mV) due to
series resistancewere expectedwith themicropipettes used (tip
resistance <3.5 MΩ). To obtain the concentration that
produces the half-maximum blockade (IC50) and the Hill
coefficient (nH), the fractional block obtained at various drug
concentrations was fitted to the Hill equation.

2.3. Detection of NO synthase (NOS), soluble guanylate
cyclase (sGC) and S-nitrosylation

NOS1, NOS3, and sGC expression were analyzed in Ltk−

and CHO cells by Western blot using monoclonal IgG
antibodies as described [17]. Briefly, proteins were separated
in denaturing SDS 10% polyacrylamide gels and blotted onto
nitrocellulose. After incubation of the Western blots with the
corresponding monoclonal antibodies against NOS1, NOS3
and sGC (Transduction Laboratories, USA), they were
detected by chemoluminescence (ECL, Amersham Interna-
tional, United Kingdom). NO production in Ltk− cells was
analyzed by confocal microscopy (Leica, Germany) with the
fluorescent indicator 4,5-diaminofluoresceine diacetate
(DAF 1 μM, Sigma) [18].

To determine the putative nitration of hKv1.5 proteins by
SNAP, the content of nitrotyrosine protein was measured in
control cells and cells treated with 200 μM SNAP as
previously described [19]. Detection of S-nitrosylated
hKv1.5 was performed using the biotin-switch assay
followed by Western blot as described [20]. Briefly, cells
were lysed in a non-denaturing solution (in mM: Tris–HCl
50, NaCl 300, EDTA 5, neocuproine 0.1, and 1% Triton X-
100 plus aprotinin and leupeptin). Extracts were adjusted to
0.5 mg/mL and incubated with ethanol for 15 min or 200 μM
SNAP for 5, 15 and 30 min. SNAP was removed by



Fig. 1. (A) Representative Western blots demonstrating NOS1, NOS3, sGC,
and β-actin expression in Ltk− and CHO cells. (B) Fluorescent photo-
micrograph of confocal microscopic image of Ltk− cells showing in situ
detection of NO with the fluorescent probe DAF (green fluorescence). The
upper panel shows the inmunofluorescence picture whereas the bottom
panel shows the combination of the inmunofluorescence picture with the
optical microscopy photomicrograph.
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centrifugation (3500 rpm) with 2 volumes of cold acetone at
4 °C for 10 min. After resuspending the pellet in the non-
denaturing lysis solution, extracts were blocked with 4
volumes of blocking buffer (in mM: HEPES 225, EDTA 0.9,
neocuproine 0.09, methyl methanethiosulfonate 20 and 2.5%
SDS) for 20 min at 50 °C with agitation. Proteins were
acetone-precipitated and resuspended in 0.1mLHENS buffer
(mM: HEPES 250, EDTA 1, neocuproine 0.1 and 1% SDS)
per mg of protein. Subsequently, extracts were incubated with
1/3 volume of N-[6-(biotinamido)hexyl]-3′-(2′-pyridyl-
dithio)propionamide (biotin-HPDP, Pierce, USA) and ascor-
bate 1 mM for 1 h at room temperature. After another acetone
precipitation, the pellet was resuspended in 4 μL HENS
buffer. To detect biotinylated proteins by Western blot,
samples were incubated with streptavidin–peroxidase for
30 min. A parallel gel was developed to determine the
expression of hKv1.5 protein. Since the cysteine (Cys)
biotinylation is highly reversible, samples were prepared
without reducing agents. To prevent biotin–HPDP nonspe-
cific reactions, samples were not boiled before electrophor-
esis. All these procedures were carried out in darkness.

2.4. Molecular modeling

Molecular modeling was performed with QUANTA/
CHARMm software (Accelrys, France) [13]. The Kv1.2
structure (to date the closest crystallized relative of Kv1.5)
was retrieved from Protein Data Bank and used as the
template for an hKv1.5 homology model (88% homology).
Then, energy minimization was performed to eliminate close
contacts. NOwas assembled within QUANTAusing standard
bond lengths and angles. Mechanics energy minimization
was done using the CHARMm force field. The NO was
manually docked into the Cys thiol. Then, the corresponding
complexes were minimized with a Newton Raphson method
considering the structures as fully optimized when the energy
changes between two successive iterations were less than
0.01 kcal/mol [13].

2.5. Statistical methods

Results are expressed as mean±SEM. For each experi-
ment absolute values of current amplitude in control
conditions and in the presence of drug were compared by
ANOVA followed by Newman–Keuls test. Percentages of
block at a single voltage (+60 mV) obtained among different
group of experiments were also compared using an ANOVA.
A value of P<0.05 was considered significant.

3. Results

3.1. sGC and NOS expression in cell culture

Western blot analysis for comparing the expression level
of NOS1, NOS3 and sGC between Ltk− and CHO cells
demonstrated a higher expression of the three enzymes in
Ltk− than in CHO cells (Fig. 1A). No differences in the
loading control (β-actin) were observed. Confocal micro-
scopy experiments confirmed the NO production in Ltk−

cells incubated with 100 μM L-Arginine by using the NO
specific fluorescent indicator DAF, which reacts covalently
with NO to yield the fluorescent triazolofluorescein (Fig.
1B). Therefore, Ltk− cells were used as expression system
for the analysis of the effects of NO on hKv1.5 channels.

3.2. Effects of NO and NO donors on hKv1.5 currents

Fig. 2A shows hKv1.5 currents recorded by applying
500 ms-pulses from −80 to +60 mV and tail currents upon
repolarization to −40 mV in the absence and the presence of
200 μM SNAP. SNAP reduced the current amplitude at the
end of the pulse by 30.7±5.5% (n=6, P<0.05). These
effects were reversible upon washout after 8–12 min with a
drug-free solution. SNAP did not modify the time course of
current inactivation, measured from the monoexponential
fits of the current traces elicited at +60 mV (Table 1).
Furthermore, SNAP did not modify the kinetics of tail
currents elicited on repolarization to −40 mV after pulses to
+60 mV and thus, the fast (τf) and the slow (τs) time
constants of deactivation remained unaltered (Table 1). The
concentration dependence of the blockade measured at the
end of 500 ms-pulses to +60 mV was fitted to the Hill
equation and yielded an IC50 of 351±66 μM (nH=0.9±0.1)
(Fig. 2B). A similar IC50 was obtained when the nH was
fixed to unity (331±48 μM). Fig. 2C shows the electrical
signal recorded by the NO sensor during the development of
the experiment shown in Fig. 2A. In 6 experiments the NO
concentration reached a maximum within 5 min (194±
13 nM) and remained stable during the perfusion with SNAP
(≈15 min), decreasing to the basal level after 10 min of



Fig. 2. (A) hKv1.5 currents elicited in Ltk− cells by 500 ms-pulses from −80 to +60 mVand tail currents recorded upon repolarization to −40 mV in the absence,
presence and after washout of 200 μM SNAP. The inset shows the normalized hKv1.5 current amplitude under control conditions over the mean duration of the
experiments (n=16). (B, D) Concentration dependence of the effects of SNAP as a function of the concentration of SNAP (B) and of the concentration of NO
released (D). Dashed and continuous lines represent the fit to the Hill equation fixing the nH to unity or not, respectively. (C) NO concentrations yielded before
and after perfusion of 200 μM SNAP as a function of time. Arrows indicate the beginning and the end of the perfusion with the SNAP solution. (E) hKv1.5
currents elicited with the voltage protocol illustrated at the top in the absence (left) and presence (right) of 200 μMSNAP. (F) Mean current–voltage relationships
of hKv1.5 currents in the absence and presence of SNAP. (G) Activation curves in the absence and presence of SNAP. The dashed line represents the fit of the
activation curve in the presence of SNAP normalized to the control amplitude. In F and G, squares represent the relative current as a function of the membrane
potential. ⁎P<0.05 vs. control data. In B, D, F and G, each data point represents the mean±SEM of ≥5 experiments.
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perfusion with SNAP-free solution. Since the NO concen-
tration was monitored in all the experiments, in Fig. 2D the
SNAP-induced block was represented as a function of NO
concentration. Fitting the data to the Hill equation yielded an
IC50 of 340±70 nM (nH=0.9±0.2) and of 318±46 nMwhen
the nH was fixed to unity.



Table 1
Effects of NO donors on hKv1.5 currents

SNAP (200 μm) NO solution SNP (100 μm) L-Arginine (10 mM)

τinactivation (ms) Control 137.8±37.4 184.2±5.8 170.1±30.7 178.2±23.5
Drug 124.4±26.4 176.8±17.7 184.9±54.9 178.7±21.6

τfdeactivation (ms) Control 26.4±4.8 31.9±4.1 21.9±9.1 30.2±3.3
Drug 23.5±4.5 35.5±2.5 42.9±6.2 43.2±7.1

τsdeactivation (ms) Control 111.4±21.9 119.5±14.1 171.1±11.1 176.0±54.4
Drug 123.6±21.8 115.9±13.1 131.8±37.6 166.6±34.9

As/Af Control 0.65±0.1 0.61±0.1 0.65±0.1 0.73±0.2
Drug 0.72±0.1 0.72±0.2 0.65±0.1 0.70±0.1

Vhactivation (mV) Control −14.6±3.4 −16.5±0.6 −16.6±1.1 −15.2±1.6
Drug −19.7±3.9⁎ −22.9±1.5⁎ −22.1±1.1⁎ −21.2±1.6⁎

kactivation (mV) Control 4.1±0.7 4.9±0.5 4.3±0.9 4.8±0.3
Drug 4.0±0.7 4.8±0.7 4.0±0.9 4.3±1.1

Data are mean±SEM of >6 experiments. ⁎P<0.05 vs. control.
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Families of current traces recorded by applying the
pulse protocol at the top for control conditions and after
200 μM SNAP exposure are shown in Fig. 2E. Current
voltage plots of current amplitude measured at the end of
the depolarizing pulse (current–voltage relationship) and
peak tail current (activation curve) are depicted in Fig. 2F
and G, respectively. In both panels, squares represent the
relative current. The blockade of the current amplitude at
the end of the pulse was apparent at −10 mV (21.4±6.4%)
and thereafter it progressively increased at more depolar-
ized potentials (n=6, P<0.05 vs. block at +60 mV).
SNAP also decreased the tail current amplitude at
potentials positive to 0 mV (42.4±17.2% at +60 mV,
n=5, P<0.05). Activation curves were fitted to a
Boltzmann equation (continuous lines). SNAP shifted the
midpoint of activation curve (Vh) toward more negative
potentials without modifying the slope (k) values (Table 1
and Fig. 2G).

To confirm that the SNAP effects were exclusively
attributable to the released NO, we next studied the effects
of a NO solution (see Methods) and another NO donor,
SNP. Fig. 3A shows the NO concentrations monitored
during perfusion with the NO solution in the experiment
shown in Fig. 3B. The NO concentration reached a steady
state within ≈10 min (216±8 nM, n=6) and remained
stable during the perfusion. NO solution and 100 μM SNP
decreased the current amplitude at +60 mV by 33.9±9.8%
(n=6, Fig. 3B), and 25.0 ± 5.5% (n=5, Fig. 3C),
respectively, effects that were reversible upon washout.
As observed in the presence of SNAP, NO solution and
SNP modified the voltage dependence of the activation,
whereas they did not modify either the deactivation or the
inactivation kinetics (Table 1). Fig. 3D represents the
concentration dependence of the SNP-induced block, and
the inset the NO concentration released in the presence of
SNP. The blockade measured at the end of 500 ms-pulses
to +60 mV was fitted to the Hill equation, yielding an IC50

value of 19.8±4.2 μM (nH=1.6±0.3) with a maximum
blockade (Bmax) of 22.0±6.3%. When the nH was fixed to
unity, the IC50 and the Bmax averaged 15.7±6.1 μM and
23.1±15.4%, respectively.

Finally, the effects of the endogenous NO precursor, L-
Arginine, were studied. Fig. 3E shows current traces
recorded by applying 500 ms-pulses from −80 to +60 mV,
in the absence and presence of 10 mM L-Arginine. L-
Arginine reduced the current amplitude by 24.3±3.8%
(n=6, P<0.05) without modifying either the inactivation or
the deactivation time course. In contrast, L-Arginine shifted
the Vh toward hyperpolarized potentials (Table 1). Fig. 3F
shows the effects of L-Arginine in the presence of 10 mM
Nω-Nitro-L-Arginine methyl ester (L-NAME, Sigma), which
inhibits the NOS [21]. L-NAME alone did not modify
hKv1.5 currents, and, in the presence of L-NAME, L-
Arginine did not decrease the hKv1.5 current (n=6,
P>0.05).

3.3. Effects of NO on IKur recorded in mouse myocytes

We next studied the effects of SNAP on IKur recorded in
mouse ventricular myocytes. A 200 ms-prepulse to +40 mV
was applied to inactivate Ito [12,14], followed by a 500 ms-
pulse to +50 mV (Fig. 4A), eliciting a slowly inactivating
delayed rectifier outward K+ current. This current is
composed of at least two components: IKslow1 and IKslow2,
generated by Kv1.5 and Kv2.1 channels, respectively,
where only the component carried by Kv1.5 channels
exhibits slow inactivation [12,14]. SNAP inhibited the
current (measured as the difference between the peak
current and the current at the end of the pulse) elicited by
the pulse to +50 mV by 50.1±3.0% (n=7) (Fig. 4B),
without modifying the time course of current decay (τC=
328.1±80.9 ms vs. τSNAP=310.2±58.9 ms, n=7, P>0.05).

3.4. Signaling pathway involved in the effects of NO on
hKv1.5 currents

The sGC/cGMP/cGMP-dependent protein kinase (PKG)
signaling pathway is the most common mechanism



Fig. 3. (A) NO concentrations yielded before and after perfusion of the NO solution. The arrow indicates the beginning of the perfusion with the NO solution.
hKv1.5 currents elicited in Ltk− cells by pulses from −80 to +60 mV in the absence and presence of NO solution (B) and SNP (C). (D) Concentration–response
curve of SNP. Dashed and continuous lines represent the fit to the Hill equation fixing the nH to unity or not, respectively. Each data point represents the mean±
SEM of 6 experiments. The inset shows the NO concentration released at each SNP concentration. (E) hKv1.5 currents elicited by pulses from −80 to +60 mV in
the absence and presence of 10 mM L-Arginine. (F) Current traces in control conditions and in the presence of 10 mM L-NAME alone or plus L-Arginine.
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implicated in NO effects. For testing whether this pathway
was responsible for the effects, we first studied the effects of
SNAP in the presence of 1H-[1,2,4]Oxadiazolo[4,3-a]
quinoxalin-1-one (ODQ, Sigma), a selective inhibitor of
sGC. ODQ (50 μM) alone inhibited hKv1.5 current at the
end of the 500 ms-pulses to +60 mV by 15.4±4.9%, and the
addition of 200 μM SNAP further decreased the current by
17.7±5.8% (n=6), contrasting with the 30.7±5.5% pro-
duced by SNAP alone (P<0.05, Fig. 5A). Second, we
examined the effects of SNAP in the presence of KT5823
(Calbiochem), a PKG inhibitor. In the presence of 1 μM
KT5823 (which inhibited the current by 3.5±0.1%, n=6),
SNAP decreased the current elicited by pulses to +60 mV
only by 16.8±4.0%, a blockade significantly lower than that
produced by SNAP alone (P<0.05, Fig. 5B). Finally, the
effect of 500 μM 8-bromo-cGMP (8Br-cGMP, Calbiochem),
a potent cell-permeable PKG activator, on hKv1.5 currents
was studied. 8Br-cGMP mimicked only part of the blockade
produced by SNAP (18.3±0.6%, n=6) (Fig. 5C). All these
results demonstrated that the effects produced by SNAP
were partially mediated by the activation of the sGC/cGMP/
PKG pathway.

3.5. Post-translational modifications of hKv1.5 protein by
NO

NO can regulate protein functions by post-translational
modifications including Cys S-nitrosylation and tyrosine
(Tyr) nitration [22]. Since S-nitrosylation and nitration are
highly dependent on the cellular redox state, we first studied
the effects of SNAP in the presence of the thiol-specific
reducing agent, dithiothreitol (DTT, Sigma). Fig. 5D shows



Fig. 4. (A) Outward K+ currents elicited in mouse myocytes by applying a
200 ms-prepulse to +40 mV followed by a test pulse to +50 mV. (B) K+

currents obtained with the pulse to +50 mV in the absence and presence of
200 μM SNAP.
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that 5 mM DTT inhibited the current at the end of 500 ms-
pulse to +60 mV by 29.6±1.6% (P<0.05). The addition of
SNAP in the presence of DTT, further inhibited the current
by 23.3±1.8% (n=6, P<0.05), a blockade that was lower
than that produced by SNAP alone (P<0.05). These results
suggested the implication of post-translational modifications
in the effects of SNAP in hKv1.5 currents.

The putative hKv1.5 Tyr nitration was measured by the
immunoprecipitation of hKv1.5 protein followed by Western
blot using an anti-nitrotyrosine antibody. Treatment with
SNAP did not promote the nitration of hKv1.5 protein (data
not shown), indicating that this mechanism was not
responsible for its effects. Thus, we tested whether S-
nitrosylation was involved. For this purpose, the putative
hKv1.5 S-nitrosylated protein was labelled with biotin using
biotin–HPDP and detected with streptavidin–peroxidase
following the biotin-switch assay [20]. Representative
Western blot (Fig. 5E top) obtained after the assay
demonstrated the presence of S-nitrosylated Cys residues
on the hKv1.5 protein only in SNAP treated cells. However,
all the samples showed a similar expression of hKv1.5
protein (Fig. 5E middle). Equal loading of the blots was
confirmed by a parallel Western blot performed with β-actin
antibody (Fig. 5E bottom). Quantification revealed that the
S-nitrosylation reached a maximum in cells treated with
SNAP for 15 min, coinciding with the time at which current
recordings were performed (Fig. 5F).

4. Discussion

Our results demonstrate for the first time that NO, its
precursor L-Arginine, and the NO donors, SNAP and SNP,
block human cardiac Kv1.5 channels expressed in Ltk−

cells. Moreover, SNAP inhibited native IKur in mouse
ventricular myocytes, which exhibit a robust current
generated by Kv1.5 channels [12,14]. The data also
demonstrated that the NO effects are the consequence of
both the activation of sGC/cGMP/PKG pathway and the S-
nitrosylation of Cys residues.

4.1. NO inhibition of hKv1.5 and IKur currents

NO produced a concentration-dependent inhibition of
hKv1.5 currents, the IC50 being around 350 nM. It is worth
noting that the inhibitory effects of hKv1.5 channels
exhibited the same voltage- and time-dependence indepen-
dently of whether the NO was released or not by SNAP.
Furthermore, it should be stressed that SNAP also blocked
the native IKur demonstrating that the results obtained in
cloned hKv1.5 channels expressed in mouse fibroblasts are
reproduced in native cardiac cells.

However, in our experimental conditions, blockade
produced by SNP was significantly lower than that produced
by SNAP or NO. This can be explained because under our
experimental conditions (in darkness and with a limited
number of isolated cells in the patch chamber) SNP is not an
efficient NO donor, since it has been proposed that NO
liberation by SNP requires either light irradiation or one-
electron reduction mechanism which in biological systems
can be both non-enzymatic and enzymatic [23]. In fact, NO
concentrations released by SNP did not further increase at
SNP concentrations higher than 100 μM.

We demonstrated that Ltk− cells endogenously express
NOS1 and NOS3 that were able to synthesize NO from L-
Arginine. Furthermore, our results also demonstrated that L-
Arginine inhibited the hKv1.5 current, and that this
inhibition was abolished by the treatment with L-NAME, a
NOS inhibitor.

It should be stressed that NO did not modify the time-
dependent properties of hKv1.5 channels (activation,
inactivation, and deactivation kinetics). Therefore, NO
seems to simply scale down the hKv1.5 current amplitude.
This effect is similar to that produced by NO on the inward
Na+ current (INa) measured in mouse ventricular myocytes
[15]. In that study, single channel recordings demonstrated
that NO diminished the macroscopic current by decreasing
the open probability and/or the number of functional
channels rather than by changing their permeation or gating.
However, NO modified the voltage dependence of hKv1.5
channels activation by shifting the activation curve toward
more negative potentials. Similarly, the NO donors



Fig. 5. (A) hKv1.5 currents recorded in Ltk− cells by applying pulses from −80 to +60 mV in control conditions and in the presence of 50 μM ODQ alone and
plus 200 μMSNAP. (B) Current traces in control conditions and in the presence of 1 μMKT5823 alone and plus 200 μMSNAP. (C) Current traces in the absence
and presence of 500 μM 8-Br-cGMP. (D) hKv1.5 currents in control conditions and in the presence of 5 mM DTT alone and plus 200 μM SNAP. (E)
Representative Western blots showing S-nitrosylated hKv1.5 (top), hKv1.5 (middle) and β-actin (bottom) expression, in control conditions or in cells incubated
with 200 μMSNAP at different times (5, 15 and 30 min). (F) Bar graph showing the densitometric scanning of the Western blots. Results are presented as mean±
SEM of >5 experiments.
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decreased Kv11.1 (HERG) currents by shifting the voltage-
dependence of the inactivation process toward more negative
potentials [7].

4.2. Signaling pathway involved in the effects of NO on
hKv1.5 currents

NO can exert many of its effects through an indirect
pathway involving activation of sGC and increased levels of
cGMP. The NO-induced block was partially reproduced by
the application of 8Br-cGMP, a cell-permeable analogue of
cGMP, and can also be partially suppressed in the presence
of sGC and PKG inhibitors. These results suggest that the
inhibitory effects of NO are partially dependent on the sGC/
cGMP/PKG pathway. This signaling pathway has also been
implicated in the effects of NO on cardiac INa [15], ICa,L
[10], ATP-sensitive K+ channels (IKATP) [24], and the
hyperpolarization-activated inward current, If [25].
Our results also demonstrated that the inhibitory effects of
NO were partially mediated by a cGMP-independent
mechanism, which in turn, depended on the redox state of
the cell, since they were decreased in the presence of the
reducing agent DTT. It is known that the post-translational
effects produced by the incorporation of NO moieties by
covalent bonding to proteins depend on the redox state and
that these redox-related NO signals are critical for cellular
control mechanisms [22,26]. Among them, S-nitrosylation
of Cys residues can be considered the most important
because of its high reactivity, occurrence in physiological
conditions and its influence on many protein functions
[22,26]. Previous reaction of NO with O2 is considered to be
necessary for S-nitrosylation, via formation of higher
nitrogen oxides, particularly N2O3, which is thought to be
the most important S-nitrosylating species [22,26]. Here we
found, using the biotin-switch assay, that S-nitrosylation is
partially responsible for the effects of NO on hKv1.5



Fig. 6. (A) Molecular modeling of an α-subunit of hKv1.5 channel with the extracellular solution above and the intracellular solution below. (B) Structural detail
of S-nitrosylated Cys331 (S2) and the hydrogen bridge bond formed with Ile262 (S1) viewed from the rear. (C) Structural detail of S-nitrosylated Cys346 (S2)
and the hydrogen bridge bond formed with Arg342 (S2). P, pore region; S, segment.
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channels. In contrast, Tyr nitration, which implies the
incorporation of a NO2 group, is not involved in these
effects. Previous studies demonstrated that the S-nitrosyla-
tion controls the gating of the ryanodine and the neuronal
NMDA receptor associated channels [22]. Furthermore, it
has been proposed that redox-related NO post-translational
modifications could be responsible for the effects observed
on cardiac IKs [8], IKr [7], and ICa,L [10] currents, even when
direct evidence of the S-nitrosylation and/or nitration was
not provided.

4.3. Molecular modeling of the structure of hKv1.5 channels

Analysis of S-nitrosylation in several proteins demon-
strated that formation of nitrosothiols can be favoured in
more ionisable Cys, such as those in which the thiolate
anion can be stabilized by acid–base interactions with
neighbouring groups, belonging to adjacent residues in the
primary sequence or just in the proximity in the three-
dimensional structure [27]. In fact, a “consensus motif”
frequently appeared in those proteins that are S-nitrosylated
preceding and following the Cys residue. This sequence
pattern was not present in the hKv1.5 channel protein.
Therefore, we decided to construct a three-dimensional
model of the protein using a homology model approach and
the recently crystallized Kv1.2 channel structure as
template [28] (Fig. 6A). Molecular modeling revealed
that none of the thiol group of the eleven hKv1.5 Cys is
located in the vicinity (≈6 Å) of an acid and a basic
residue that could act as catalysts for nitrosylation. It is
accepted that S-nitrosylation is a very labile covalent
modification with half-lives ranging from seconds to a few
minutes. However, the model suggested that the nitro-
sothiol groups of two Cys located at the S2 (331 and 346)
would be particularly stable because of the formation of
hydrogen bridge bonds with residues located in the S1
(Ile262, Fig. 6B) and the S2 (Arg342, Fig. 6C),
respectively. Thus, we proposed that the S-nitrosylation
of these Cys could be partially responsible for the
inhibitory effects produced by NO on hKv1.5 channels.
Moreover, since both Cys are located in the hKv1.5 voltage
sensor region (S1–S4) [29], their chemical modification
could account for the alteration of the voltage-dependence
of activation induced by NO.
4.4. Physiological implications

Here we describe that NO blocks hKv1.5 channels, the
IC50 being around 350 nM. Nanosensing techniques recently
described cyclic fluctuations of the NO concentration in the
myocardium varying in the range of 200–800 nM [30]. This
would imply that, under physiological conditions, NO
maintains a “tonic” inhibition of the K+ efflux through
hKv1.5 channels, which in turn would be important for the
control of the duration and height of the plateau phase of the
human atrial AP. Recently, using a porcine model of AF, it
has been demonstrated that AF is associated with a marked
decrease in NOS expression and NO bioavailability in atrial
tissue [31]. Therefore, it could be hypothesized that under
AF conditions the decrease in NO would shorten the
duration of the plateau phase by increasing the hKv1.5
current amplitude, an effect that can contribute to the
alteration of the atrial electrical properties that lead to the
maintenance and recurrence of the arrhythmia (electrical
remodeling) [32]. It should be stressed, however, that the
plateau duration is the balance among depolarizing (Na+ and
Ca2+) and several repolarizing K+ currents. Thus, the effects
of NO on the other currents have to be studied to accurately
predict the resultant effects on the shape of the atrial AP. In
conclusion, here we demonstrated that NO inhibits IKur
flowing through hKv1.5 channels by a cGMP-dependent
mechanism and by the direct S-nitrosylation of the protein,
an effect that could contribute to shape the human atrial AP
under physiological conditions.
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