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Aims Cardiac excitability and refractoriness are largely determined by the function and number of inward rectifier K+ chan-
nels (Kir2.1–2.3), which are differentially expressed in the atria and ventricles, and Nav1.5 channels. We have focused
on how Nav1.5 and Kir2.x function within a macromolecular complex by elucidating the molecular determinants that
govern Nav1.5/Kir2.x reciprocal modulation.

Methods and
results

The results demonstrate that there is an unexpected ‘internal’ PDZ-like binding domain located at the N-terminus of
the Nav1.5 channel that mediates its binding to a1-syntrophin. Nav1.5 N-terminal domain, by itself (the 132 aa peptide)
(Nter), exerts a ‘chaperone-like’ effect that increases sodium (INa) and inward rectifier potassium (IK1) currents by en-
hancing the expression of Nav1.5, Kir2.1, and Kir2.2 channels as demonstrated in Chinese hamster ovary (CHO) cells
and in rat cardiomyocytes. Site-directed mutagenesis analysis demonstrates that the Nter chaperone-like effect is de-
termined by Serine 20. Nav1.5–Kir2.x reciprocal positive interactions depend on a specific C-terminal PDZ-binding
domain sequence (SEI), which is present in Kir2.1 and Kir2.2 channels but not in Kir2.3. Therefore, in human atrial myo-
cytes, the presence of Kir2.3 isoforms precludes reciprocal IK1– INa density modulation. Moreover, results in rat and
human atrial myocytes demonstrate that binding to a1-syntrophin is necessary for the Nav1.5–Kir2.x-positive recip-
rocal modulation.

Conclusions The results demonstrate the critical role of the N-terminal domain of Nav1.5 channels in Nav1.5–Kir2.x-reciprocal
interactions and suggest that the molecular mechanisms controlling atrial and ventricular cellular excitability may be
different.
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1. Introduction
Cardiac inward Na+ current (INa) plays a critical role in excitability and
impulse propagation. It is responsible for the Na+ influx that depo-
larizes the membrane potential during the action potential upstroke.
The cardiac sodium channel that generates INa (Nav1.5 coded by
SCN5A) constitutes the functional pore, and is associated with

b-subunits (coded by SCN1-4B).1 Several proteins interact with and
regulate Nav1.5.1 The Nav1.5 C-terminus comprises many protein–
protein interaction domains, including a PDZ-binding domain consti-
tuted by the last three residues (SIV). The PDZ-binding domain allows
interaction with proteins such as the synapse-associated protein-97
(SAP97), and the dystrophin multiprotein complex (DMC) via direct
interaction with syntrophin.1 –5
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The strong inward rectifier current (IK1) is the key K+ current re-
sponsible for setting the resting membrane potential and modulating
the late-phase of repolarization and action potential duration (APD)
in cardiac cells.6 Thus, IK1 is critical for controlling cardiac excitability
and refractoriness. Human cardiac IK1 is generated by Kir2.x channels,
which are distributed differentially between the atria and the ventri-
cles.7 Kir2.1 homotetramers are the main carriers of IK1 in the human
ventricles, but Kir2.2 and -2.3 subunits play larger roles in the atria.7

Kir2.x channels also exhibit a C-terminal PDZ-binding domain, which
mediates their interaction with SAP97 and syntrophin.8,9 More recently,
it was postulated that some Kir2.1 channels are part of a ‘caveolar’ micro-
domain that includes caveolin 3, Nav1.5, SAP97, and syntrophin.10

It has been demonstrated that Nav1.5 and Kir2.1 modulate each
other’s surface expression in cardiomyocytes and that this molecular
interplay is a crucial determinant of cardiac excitability and APD.11

Moreover, the authors proposed that the interaction is linked to coup-
ling of each channel type to SAP97.11 However, those results also led to
important yet unanswered mechanistic questions, including whether
Nav1.5 also interact with Kir2.2 and Kir2.3 channels, a clinically relevant
issue given the differential expression of Kir2.x channels in the human
atria vs. the ventricles.7 Furthermore, considering the importance of
syntrophin in targeting Nav1.5 channels,3 it is unknown how syntrophin
interacts with the Nav1.5–Kir2.1 ‘channelosome’. Here we demon-
strate that, similar to Kir2.1, Kir2.2 (but not Kir2.3) channels interact
reciprocally with Nav1.5 channels to modulate each other’s expres-
sion. We demonstrate also that the N-terminal domain of Nav1.5 plays
a ‘chaperone-like’ function that increases the membrane density of
Kir2.1, Kir2.2 and Nav1.5 channels as they bind specifically to
a1-syntrophin through their respective C-terminal PDZ-binding
domains.

2. Methods

2.1 Human atrial and rat myocyte isolation
The study in human cells was approved by the Investigation Committee of
the Hospital Universitario Gregorio Marañón (CNIC-13) and conforms to
the principles outlined in the Declaration of Helsinki. Each patient gave
written informed consent. Human right atrial samples were obtained
from patients (n ¼ 12) who underwent cardiac surgery (see Supplementary
material online, Table S1). Animal studies were approved by the University
Committees on the Use and Care of animals at the Complutense University
and the University of Michigan and conform to the Guidelines from Direct-
ive 2010/63/EU of the European Parliament on the protection of animals
used for scientific purposes. Human atrial and rat myocytes were isolated
following previously described methods.12,13 Rat myocytes were cultured
and infected with adenoviral or lentiviral constructs also following the
methods described previously.11

2.2 Kir2.x and Nav1.5 constructs and cell
transfection12–14

Chinese hamster ovary (CHO) cells were cultured as previously described
and transiently transfected with the cDNA encoding wild-type (WT) or
mutated Kir2.x channels (1.6 mg) alone or together with WT or mutated
Nav1.5 (1.6 mg) and hNavb1 (1.6 mg) (Nav1.5-b) plus the cDNA encoding
the CD8 antigen (0.5 mg) by using FUGENE XtremeGENE (Roche Diag-
nostics, Switzerland) following manufacturer instructions. Co-expression
experiments (Kir2.1/Kir2.2, Kir2.1/Kir2.3, Kir2.2/Kir2.3) were conducted
using a 0.5:0.5 ratio or a 0.5:0.5:1:1 ratio when Nav1.5 and Navb1 were
also co-transfected. Forty-eight hours after transfection, cells were incu-
bated with polystyrene microbeads pre-coated with anti-CD8 antibody.

2.3 Patch-clamping
Currents were recorded at room temperature (21–238C) using the whole-
cell patch-clamp technique and filtered at half the sampling frequency.11– 15

Series resistance was compensated manually and ≥80% compensation was
achieved. Under our experimental conditions, no significant voltage errors
(,5 mV) due to series resistance were expected with the micropipettes
used.

2.4 Coimmunoprecipitation,
immunofluorescence, and western blot analysis
Co-immunoprecipitation and western blot analysis were conducted in
transfected CHO cells and in human atrial (n ¼ 3) or rat (n ¼ 6), mice
(n ¼ 2), and guinea-pig (n ¼ 3) ventricular samples following previously
described procedures.11,12,15 For analysis of a1-syntrophin silencing, adult
rat ventricular myocytes were infected with lentivirus-encoding shRNA-
SNTA1 or scrambled shRNA.11 Immunofluorescence analysis was carried
out on rat ventricular myocytes (n ¼ 3) following previously described
procedures.11

2.5 Statistical analysis
Results are expressed as mean+ SEM. Unpaired t-test or one-way ANO-
VA followed by Newman–Keuls test were used where appropriate. In
small-size samples (n , 15), statistical significance was confirmed by using
non-parametric tests. Data were also analysed with multilevel
mixed-effects models. A value of P , 0.05 was considered significant. Add-
itional details are presented in Supplementary methods online.

3. Results

3.1 Nav1.5-b-expression increases Kir2.1
and Kir2.2, but not Kir2.3 currents
Figure 1A, C, and E show current traces generated by homotetrameric
Kir2.1 (IKir2.1), Kir2.2 (IKir2.2), and Kir2.3 (IKir2.3) channels recorded in
CHO cells transiently transfected with human Kir2.x cDNA (1.6 mg)
alone or together with the cDNAs encoding human Nav1.5 (1.6 mg)
and Navb1 (1.6 mg) proteins (Nav1.5-b). The results confirmed previ-
ous data,11 demonstrating that co-expression of Nav1.5 together with
Kir2.1 channels significantly increased both inward and outward IKir2.1

density (n . 30, P , 0.05) (Figure 1A and B). Co-transfection with
Nav1.5-b also significantly increased both inward and outward IKir2.2

(n . 25, P , 0.05) (Figure 1C and D). Conversely, Figures 1E and F dem-
onstrate that co-transfection with Nav1.5-b did not modify either in-
ward or outward IKir2.3. Therefore, the results thus far indicate that
Nav1.5-b channels directly or indirectly interact with Kir2.1 and
Kir2.2 but not with Kir2.3 channels. Furthermore, we also tested the
effects of Navb1 alone over Kir2.1 expression. Supplementary material
online, Figure S1 demonstrates that co-transfection of Navb1 with
Kir2.1 did not significantly modify IKir2.1, a result that suggested that
Nav1.5-Kir2.1–2.2 reciprocal modulation is dependent on the pres-
ence of the a-subunits. Co-immunoprecipitation experiments using
adult rat or mouse ventricular tissue demonstrated that Nav1.5
co-immunoprecipitated with Kir2.2 (see Supplementary material on-
line, Figure S2A) but not with Kir2.3 (Figure 1G). As a positive control,
Supplementary material online, Figure S2D confirms that Kir2.3 immu-
noprecipitated with the Kir2.3 antibody used. Moreover, Kir2.1, but not
Kir2.3, co-immunoprecipitated with Nav1.5 (see Supplementary ma-
terial online, Figure S2). Figure 1H shows results of immunocytochemical
analysis, confirming that Kir2.1 co-localizes with Nav1.5 in rat ventricu-
lar myocytes.11
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Figure 1 Nav1.5 expression increases IKir2.1 and IKir2.2 but not IKir2.3. (A) IKir2.1 traces in CHO cells expressing Kir2.1 alone (1.6 mg) or Kir2.1 +
Nav1.5-b (1.6:1.6 mg). Top inset, voltage clamp protocol in (A, C, E). (B) Mean current density–voltage curves for IKir2.1 in cells expressing Kir2.1 alone
or Kir2.1 + Nav1.5-b. (C) IKir2.2 traces in cells expressing Kir2.2 alone (1.6 mg) or Kir2.2 + Nav1.5-b (1.6:1.6 mg). (D) Mean current density–voltage
curves for IKir2.2 recorded in cells expressing Kir2.2 channels alone or Kir2.2 + Nav1.5-b. (E) IKir2.3 traces recorded in cells expressing Kir2.3 alone
(1.6 mg) or Kir2.3 + Nav1.5-b (1.6:1.6 mg). (F) Mean current density–voltage curves for IKir2.3 recorded in cells expressing Kir2.3 channels alone or
Kir2.3 + Nav1.5-b. Insets in (B, D, F), data at potentials positive to EK on an expanded scale. In (B, D, F) each point represents the mean+ SEM of
more than 25 experiments/cells. *P , 0.05 vs. Kir2.x alone. (ANOVA followed by Newman–Keuls test and multilevel mixed-effects model). (G)
Nav1.5 was detected by western blot in the heart lysate but did not immunoprecipitate with Kir2.3 (n ¼ 3). Also shown is the supernatant (Sup) recov-
ered after centrifugation of the Kir2.3 immunoprecipitant. All immunoprecipitation reactions used membrane-enriched preparations from rat ventricles
(N ¼ 3). IB, antibody used for immunoblotting; IP, antibody used for immunoprecipitation. (H) Immunocytochemical analysis shows co-localization of
Kir2.1 (green) and Nav1.5 (red) in rat ventricular myocytes (N ¼ 3). Bottom left shows the merged image. Bottom right shows the image recorded in
differential interference contrast. Cell nuclei were visible by DAPI staining (blue). Scale bars ¼ 10 mm.
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CHO cells were also co-transfected (0.8:0.8 mg) with both Kir2.1
and Kir2.2 (Kir2.1/2.2), Kir2.1 and Kir2.3 (Kir2.1/2.3), or Kir2.2 and
Kir2.3 (Kir2.2/2.3) channels and currents were compared with those
generated in cells also transfected with Nav1.5-b (see Supplementary
material online, Figure S3). Kir2.1/Kir2.2, Kir2.1/Kir2.3, and Kir2.2/2.3
currents displayed significantly different activation kinetics compared
with the respective homotetrameric channels, demonstrating the het-
erotetrameric nature of the channels (see Supplementary material on-
line, Figure S3D). In contrast to cells expressing Kir2.1 and/or Kir2.2
subunits, Nav1.5-b co-transfection failed to increase IKir2.x density in
cells expressing heterotetrameric channels that contained Kir2.3 subu-
nits (see Supplementary material online, Figure S3).

3.2 Involvement of the Kir2.x PDZ-binding
domain
Positive modulation of Nav1.5 density by Kir2.1 depends on the Kir2.1
PDZ-binding domain.11 Kir2.1 and Kir2.2 channels exhibit the same
PDZ-binding motif (SEI), while Kir2.3 is different (SAI).8 Thus, we
tested whether this difference could be responsible for the failure of
Nav1.5-b to increase Kir2.3 density. First, we changed the PDZ-binding
domain sequences in Kir2.1 and Kir2.2 rendering channels that instead
contained the Kir2.3 PDZ-binding domain (E426A Kir2.1 and E432A
Kir2.2, respectively). In Figure 2A, C, and D co-transfection of
Nav1.5-b with either E426A Kir2.1 or E432A Kir2.2 did not increase

Figure 2 Kir2.1–2.2 PDZ-binding domain is required for positive interaction with Nav1.5. Top panel. Left, voltage clamp protocol used in (A–F). Right,
sequence alignment of the last 12 residues of Kir2.x proteins. Note that peptide positions are numbered starting from the last residue (position 0, p.0). (A)
IE426A Kir2.1 traces in cells expressing Kir2.1 E426A channels alone or Kir2.1 E426A + Nav1.5-b. (B) IA444E Kir2.3 traces in cells expressing Kir2.3 A444E
alone or plus Nav1.5-b. (C–F) Mean current density–voltage curves for currents recorded in cells expressing WT and mutant Kir2.1 (C and F), Kir2.2 (D),
and Kir2.3 (E) channels alone or plus Nav1.5-b. In (C–F), the insets show data at potentials positive to EK on an expanded scale. In (E and F) *P , 0.05 vs.
A444E Kir2.3 and Kir2.1-SSV, respectively (ANOVA followed by Newman–Keuls test and multilevel mixed-effects model). Each point represents the
mean+ SEM of more than 25 experiments/cells.
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IKir2.x density. Second, we generated Kir2.3 channels with the PDZ se-
quence of Kir2.1–2.2 channels (A444E Kir2.3). As Figures 2B and E
demonstrate co-transfection of Nav1.5-b with A444E Kir2.3 signifi-
cantly increased outward and inward IKir2.3.

Since, it has been demonstrated that all Kir2.1–2.3 proteins actually
bind to SAP97,16,17 we surmised that binding to SAP97 does not ex-
plain the positive modulation of the expression of Kir2.1–2.2 and
Nav1.5-b channels. Moreover, previous data demonstrated that
Kir2.3 channels exhibit lower affinity for a1-syntrophin than Kir2.2
channels.8 Thus, we substituted the C-terminal SEI motif of Kir2.1
and Kir2.2 for another PDZ-binding domain (SSV) that allows binding
to syntrophin but not to SAP97.16 Results obtained demonstrate that
co-transfection of Nav1.5-b with Kir2.1-SSV significantly increased
both inward and outward IKir2.1-SSV (Figure 2F).

In addition, a co-immunoprecipitation assay in rat ventricular myocar-
dium demonstrated that Kir2.1, but not Kir2.3, co-immunoprecipitated
with a1-syntrophin (see Supplementary material online, Figure S4), and
that a1-syntrophin co-immunoprecipitated with Kir2.2 and Kir2.1, but
not with Kir2.3 proteins (see Supplementary material online, Figure

S4). Supplementary material online, Figure S4E and G demonstrates
that neither Nav1.5 nor a1-syntrophin co-immunoprecipitated with
E426A Kir2.1 channels. Conversely, both Nav1.5 and a1-syntrophin
co-immunoprecipitated with A444E Kir2.3 channels (see Supplementary
material online, Figure S4), thus confirming that Kir2.3 interaction with
Nav1.5 and a1-syntrophin is prevented because of the presence of the
SAI sequence in the PDZ-binding domain.

3.3 Role of a1-syntrophin and SAP97 in the
Nav1.5-Kir2.x-positive modulation
To further test the role of a1-syntrophin and SAP97 in the
Nav1.5-Kir2.x-positive modulation, we reduced the expression of
a1-syntrophin and SAP97 in CHO cells using short inhibitory (si)RNAs.

Expression of a1-syntrophin was markedly and specifically reduced
in cells transfected with a1-syntrophin silencing siRNAs, particularly
with siRNA1 (75.8%) (see Supplementary material online, Figure S5).
INav1.5-b (n ¼ 21, P , 0.05) and IKir2.1 (n ¼ 21, P , 0.05) densities
were significantly reduced in a1-syntrophin-silenced cells (Figure 3A,

Figure 3 a1-Syntrophin and SAP97 silencing. (A) Peak INav1.5-b density generated in CHO cells in which a1-syntrophin was silenced or not (scrambled)
transfected with either Nav1.5-b or Nav1.5-b + Kir2.1 channels. *P , 0.05 vs. INav1.5-b in cells transfected with scrambled siRNA. (B) IKir2.1 density at
2120 mV generated in CHO cells in which a1-syntrophin was silenced or not (scrambled) transfected with either Kir2.1 or Kir2.1 + Nav1.5-b channels.
*P , 0.05 vs. IKir2.1 in cells transfected with scrambled siRNA. (C) Peak INav1.5-b density generated in CHO cells in which SAP97 was silenced or not
(scrambled) transfected with either Nav1.5-b or Nav1.5-b + Kir2.1 channels. *P , 0.05 vs. INav1.5-b in cells transfected with scrambled siRNA alone.
#P , 0.05 vs. INav1.5-b in SAP97 silenced cells. (D) IKir2.1 density at 2120 mV generated in CHO cells in which SAP97 was silenced or not (scrambled)
transfected with either Kir2.1 or Kir2.1 + Nav1.5-b channels. *P , 0.05 vs. IKir2.1 in cells transfected with scrambled siRNA. #P , 0.05 vs. IKir2.1 in SAP97
silenced cells. In (A–D), each bar represents the mean+ SEM of more than 12 experiments/cells. (E and F) Mean current density–voltage curves for IK1

(E) and INa (F) recorded in rat ventricular myocytes infected for 48 h with a lentiviral construction encoding either scrambled shRNA + GFP (scrambled)
or shRNA for a1-syntrophin shRNA + GFP (shRNA-SNTA1). Each point represents the mean+ SEM of 13 experiments/myocytes from 3 rats. In
(E and F), *P , 0.05 vs. scrambled. In (A–F) ANOVA followed by Newman–Keuls test and multilevel mixed-effects model were done. (G) Immunocyto-
chemical analysis and localization for a1-syntrophin and Kir2.1 in adult rat (N ¼ 3) ventricular myocytes. Top right panel shows the merged image. Bot-
tom right panel shows the image recorded in differential interference contrast. Scale bars ¼ 10 mm. (H) Immunofluorescence profile intensity for
a1-syntrophin (green) and Kir2.1 (red) along the arrow shown in the merged image of (G). (I) Magnification of the image shown in (G). Scale bars ¼ 5 mm.

Nav1.5 and Kir2.x interaction 283

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw009/-/DC1


B, and Supplementary material online, Figure S6) compared with cells
transfected with the scrambled siRNA, which did not modify
a1-syntrophin expression (see Supplementary material online, Figure
S5). Figure 3A demonstrates that in a1-syntrophin-silenced cells, trans-
fection with Kir2.1 channels did not increase INav1.5-b density. More-
over, in a1-syntrophin-silenced cells transfection with Nav1.5-b
channels did not increase IKir2.1 (Figure 3B). Expression of SAP97 was
markedly reduced in cells transfected with siRNA1 (76.4%) and its spe-
cific effects were confirmed by using a scrambled siRNA (see Supple-
mentary material online, Figure S5). INav1.5-b (n ¼ 35, P , 0.05) and
IKir2.1 (n ¼ 24, P , 0.05) densities were significantly reduced in
SAP97 silenced cells (Figure 3C, D, and Supplementary material online,
Figure S6). Importantly, both INav1.5-b and IKir2.1 densities were signifi-
cantly increased when SAP97 silenced cells were co-transfected with
Kir2.1 (Figure 3C) and Nav1.5-b (Figure 3D) channels, respectively.

INa and IK1 densities were also assessed in cultured adult rat ventricu-
lar myocytes in which a1-syntrophin was silenced with lentiviral con-
structs containing short hairpin RNA (shRNA) for a1-syntrophin and
GFP. Control myocytes were infected with a lentivirus containing a
scrambled shRNA and GFP. Forty-eight hours post-infection,
a1-syntrophin expression was decreased by 79.6% (see Supplementary
material online, Figure S5). The results demonstrated that both IK1 and
INa densities significantly decreased in a1-syntrophin-silenced adult rat
ventricular myocytes (Figure 3E and F). Moreover, complementary im-
munocytochemical analyses in rat ventricular myocytes using specific
anti-a1-syntrophin antibody detected the presence of a1-syntrophin
on the lateral membranes as described previously (Figure 3G).3 Import-
antly, a1-syntrophin, like Nav1.5 channels,4 also exhibited a striated
staining pattern not previously described with pan-syntrophin anti-
bodies (Figure 3G and I). Kir2.1 channels also exhibited a striated stain-
ing pattern, a result that agrees with those previously reported.10,11,18

The merged image demonstrates the co-localization of Kir2.1 and
a1-syntrophin (Figure 3G). Figure 3H shows the fluorescence intensity
profile for a1-syntrophin (green) and Kir2.1 (red) along the arrow in
the merged image of Figure 3G. The results suggest that Kir2.1 channels
co-localize with a1-syntrophin in adult cardiac myocytes as was previ-
ously demonstrated for Nav1.5 channels.3

3.4 IK1 and INa densities are not reciprocally
modulated in human atria
IK1 increase is a hallmark of chronic atrial fibrillation (CAF)-induced
electrical remodelling, and is mainly due to an increase in Kir2.1 expres-
sion.19 Accordingly, since Kir2.3 subunits are present in the channels
that generate IK1 in human atria,7,13 we surmised that CAF-induced
IK1 increase would not promote an INa density increase. We recorded
IK1 and INa in cells obtained from right atrial appendages of patients in
sinus rhythm (SR) and with CAF. As shown by Figure 4A and C, IK1 dens-
ity was significantly greater in myocytes from CAF patients. Conversely,
INa was identical in the two groups of myocytes (Figure 4B and D).
Figure 4E also shows the mean IK1 density as a function of the mean
INa density for each patient. These results demonstrate that in human
atrial cells a CAF-induced IK1 increase was not accompanied by INa in-
crease. In addition, a co-immunoprecipitation assay in atrial myocardium
from SR patients demonstrated that SAP97 co-immunoprecipitated with
Kir2.3 channels (Figure 4F) while a1-syntrophin did not (Figure 4G). All
these results suggested that, in vivo, the presence of Kir2.3 channels
also precluded Nav1.5-Kir2.1–2.2 interaction. Moreover, they add fur-
ther support to the hypothesis that SAP97 is not the scaffolding protein

responsible for the positive modulation between Nav1.5 and Kir2.1
channels.

3.5 Involvement of the Nav1.5 PDZ-binding
domain
We tested whether deletion of the Nav1.5 C-terminal PDZ-binding
domain (SIV) (Nav1.5DPDZ) modifies the positive interaction
between Kir2.x and Nav1.5-b channels. Figure 5A shows current
density–voltage curves generated by Kir2.1 when transfected alone
or with either Nav1.5-b or Nav1.5DPDZ. Surprisingly, relative to
Kir2.1 alone, co-transfection with Nav1.5DPDZ increased IKir2.1 dens-
ity by a magnitude that resembled co-transfection with Nav1.5-b
(Figure 5A and E). Figure 5B shows that, as expected, current density
generated by Nav1.5DPDZ channels was significantly lower than
that generated by Nav1.5-b channels. Importantly, Kir2.1 channel
cotransfection did not increase current density generated by
Nav1.5DPDZ channels (Figure 5B). Thus, Nav1.5DPDZ channels posi-
tively modulated the expression of Kir2.1 channels, whereas
Nav1.5DPDZ channel expression could not be positively modulated
by Kir2.1 channels. These results suggested that enhancement of
Nav1.5 expression by Kir2.1 channels requires binding of Nav1.5
channels to a PDZ-domain protein.

Clatot and co-workers demonstrated that co-transfection of Nav1.5
channels with the N-terminal domain of Nav1.5 (Nter, 132 aa) signifi-
cantly increases INav1.5 density.20 Thus, we tested whether this Nter
fragment was also able to increase IKir2.x. Figure 5C and E shows that co-
transfection of Nter (1.6 mg) with Kir2.1 or Kir2.2 significantly in-
creased inward and outward IKir2.1 and IKir2.2 densities, respectively.
Conversely, co-transfection of Nter with Kir2.3 did not modify IKir2.3

(Figure 5D). Importantly, the IKir2.x increase produced by Nter
co-transfection was of similar magnitude to that produced by co-
transfection with Nav1.5-b channels (Figure 5E). These results suggest
that the positive effects on the functional expression of Kir2.x pro-
duced by Nav1.5-b channels were completely attributable to this
Nter fragment. Furthermore, Figure 5B shows that Nter did not modify
the current density generated by Nav1.5DPDZ channels. This is con-
sistent with the idea that the N-terminal domain of Nav1.5 channels
is responsible for the positive modulation of Nav1.5 and Kir2.1–2.2
channels when they are bound, via their C-terminal domain, to
a1-syntrophin.

3.6 Molecular determinants of the Nter
chaperone-like effect
The N-terminal domain of Nav1.5 contains residues similar to the
C-terminal consensus sequence (R/K-E-S/T-X-V-COOH) for binding
to syntrophin PDZ domains (Figure 6A, box). In site-directed mutagen-
esis experiments aimed at identifying the molecular determinants of the
Nter chaperone-like effect, we mutated the conserved Ser20 residue.
Its substitution by Ala completely suppressed the Nter ability to act as a
chaperone for Kir2.1, Kir2.2, and Nav1.5-b channels (Figure 6B and C ).
Conversely, substitution of the conserved Glu19 and Leu21 by Ala did
not alter the Nter increasing effects (Figure 6B and C ). We tested the
functional effects of S20A Nav1.5 on Kir2.1 currents. As shown in
Figure 6D, S20A Nav1.5 did not increase either outward or inward
IKir2.1. These results suggest that the Nav1.5 increasing effects on
Kir2.1 expression depend on the interaction of Nav1.5 Nter via an in-
ternal PDZ-like binding domain, with a PDZ protein that we surmised
was a1-syntrophin. We conducted coimmunoprecipitation assays to
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confirm that Nav1.5 channels can bind to a1-syntrophin through both
the canonical C-terminal and the internal PDZ domains. Figure 6E
and Supplementary material online, Figure S7 demonstrate that
a1-syntrophin co-immunoprecipitated with Nav1.5DPDZ and that
Nav1.5DPDZ channels co-immunoprecipitated with a1-syntrophin,
respectively. Consistently, a1-syntrophin indeed partially co-immuno-
precipitated with S20A Nav1.5 channels (see Supplementary material
online, Figure S7). Finally, Figure 6F shows that a1-syntrophin did not

co-immunoprecipitate at all with Nav1.5DPDZ channels in which in-
ternal PDZ was suppressed by the S20A mutation.

3.7 Effects of Nter in adult rat ventricular
myocytes
To test whether Nter peptide alone can promote the expression of
both Kir2.1–2.2 and Nav1.5 channels in adult cardiac myocytes, we

Figure 4 IK1 and INa densities are not reciprocally modulated in human atria. (A and B) IK1 (A) and INa (B) traces recorded in atrial myocytes dissociated
from right atrial appendages from patients in sinus rhythm (SR, N ¼ 6) or chronic atrial fibrillation (CAF, N ¼ 6). (C and D). Mean current density–voltage
curves for IK1 (C ) and INa (D) recorded in SR and CAF human atrial myocytes. In (C), *P , 0.05 vs. SR. Each point represents the mean+ SEM of more
than 20 experiments/myocytes. (E) Mean IK1 and INa densities calculated from 8 or more myocytes obtained from each individual patient. Data included
six SR and six CAF patients. In (A–E), ANOVA followed by Newman–Keuls test and multilevel mixed-effects model were done. (F and G) SAP97 (F) but
not a1-syntrophin (G) immunoprecipitated with Kir2.3 even when both were detected by western blot in the human atrial lysate (n ¼ 3). Also shown is
the supernatant (Sup) recovered after centrifugation of the Kir2.3 immunoprecipitant. In (F and G), immunoprecipitation reactions used
membrane-enriched preparations from human atrial right appendages. As a negative control, lysate treated with non-specific IgG (and Protein A/G)
was used (‘Non-immune Ab’ lane). IB, antibody used for immunoblotting; IP, antibody used for immunoprecipitation.
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overexpressed Nter in rat ventricular myocytes using an adenoviral
construct (Ad-Nter). Control myocytes were infected only with an
adenoviral construct encoding GFP (Ad-GFP). Figure 7A and C demon-
strates that IK1 density in Ad-Nter-infected myocytes was significantly
higher than in Ad-GFP-infected myocytes. Figure 7B and D shows that
INa density recorded in Ad-Nter-infected cells was significantly in-
creased compared with Ad-GFP-infected cells. Moreover, and similarly
as was previously described,11 INa increase was not associated with any
change on the voltage dependence of activation or inactivation of
Nav1.5 channels. Altogether, the results presented here strongly

suggest that the Nter peptide of Nav1.5 exerts a chaperone-like effect
both in heterologous expression systems and also in rat ventricular
myocytes.

4. Discussion
The results demonstrate that Nav1.5 channels interact with
a1-syntrophin via an internal PDZ-like binding domain localized at
the N-terminus in addition to their canonical C-terminal PDZ-binding
domain. We propose that channels that complex with a1-syntrophin

Figure 5 Nav1.5 Nter determines Nav1.5-Kir2.1-positive interaction. (A) Mean current density–voltage curves for IKir2.1 recorded in CHO cells ex-
pressing Kir2.1 alone, Kir2.1 + Nav1.5-b, or Kir2.1 + Nav1.5DPDZ. (B) Mean current density–voltage curves for INav1.5DPDZ recorded in cells expres-
sing Nav1.5DPDZ channels alone or when co-transfected with the N-terminal domain of Nav1.5 (Nter, 132 aa) or Kir2.1. (C and D) Mean current
density–voltage curves for IKir2.1 (C) and IKir2.3 (D) recorded in cells expressing Kir2.1 or Kir2.3 channels alone or when co-transfected with Nter, re-
spectively. (E) IKir2.x density measured at 2120 mV in cells transfected with Kir2.x channels alone or together with Nav1.5 WT, Nav1.5DPDZ, and Nter.
In (A, C and E), *P , 0.05 vs. Kir2.1 or Kir2.2 alone (ANOVA followed by Newman–Keuls test and multilevel mixed-effects model). Each point/bar re-
presents the mean+ SEM of more than 25 experiments/cells.
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(Kir2.1, Kir2.2, and Nav1.5 but not Kir2.3) are amenable to be positively
modulated by the N-terminal domain of Nav1.5 channels.

The results demonstrate that Nav1.5 channels increase IKir2.1 and
IKir2.2 but not IKir2.3 densities. Furthermore, Nav1.5 channels do not in-
crease the current generated by heterotetrameric channels in which
Kir2.3 subunits are present. The mechanism by which the presence
of Kir2.3 prevents the interaction among Kir2.1, Kir2.2, and Nav1.5
channels is currently not understood. May be Kir2.3 subunits exert
‘dominant negative’ effects in a way that merits further analysis. The se-
lectivity in the interaction of Kir2.x channels with Nav1.5 might have
physiological implications, as well as clinical consequences. In human at-
rial myocytes, IK1 flows through Kir2.x channels formed in part by
Kir2.3 subunits.7 Conversely, homotetrameric Kir2.1 channels are
probably responsible for IK1 in human ventricular myocytes.7 Based
on our results, we propose that Kir2.x and Nav1.5 channels do not
interact reciprocally in the human atria, as they do in the ventricles.11

This idea agrees with the demonstration that IK1 increase is a hallmark
of CAF-induced electrical remodelling in animals and humans, and is
due to increase in Kir2.1 or Kir2.3 expression.19,21 Our results confirm
that in human CAF the IK1 increase is not accompanied by an increase in

the INa density. We postulate also that any change in the expression of
Nav1.5 or Kir2.1 in the ventricles should be accompanied by a concur-
rent change of Kir2.1 or Nav1.5 channels, respectively.11 Such would be
the case in patients with terminal heart failure or with idiopathic dilated
cardiomyopathy in whom a decrease in ventricular IK1 secondary to a
decrease in Kir2.1 expression has been described.22,23 Similarly, pa-
tients with SCN5A mutations that produce a trafficking defect24 might
also exhibit a decrease in IK1 density in the ventricles.

In agreement with previous results8,9,16 here we demonstrate that
human Kir2.3 channels do not bind to a1-syntrophin, whereas Kir2.1
and Kir2.2 do. Our results also demonstrate that positive regulation
over Kir2.1–2.2 channels is produced by both Nav1.5 and
Nav1.5DPDZ channels and that Nav1.5DPDZ channels cannot be
positively modulated by either Kir2.1 or Nter. The latter result con-
firms that Nav1.5 channels are amenable to be positively modulated
when they are bound, via their C-terminal PDZ-binding domain, to a
PDZ domain protein. Originally, it was proposed that SAP97 was re-
sponsible for the positive modulation between Nav1.5 and Kir2.1.11

The present results demonstrate that the binding of both Nav1.5 and
Kir2.x channels to SAP97 is not a sufficient condition for the reciprocal

Figure 6 Ser20 determines the chaperone-like effect of Nav1.5 Nter. (A) Sequence of the last 12 and the first 22 residues of Nav1.5 channels. The box
indicates the PDZ and ‘PDZ like’ domains; ‘*’, identical residues in both sequences; ‘:’, conservation between groups of strongly similar properties; ‘.’,
conservation between groups of weakly similar properties. (B) IKir2.x density measured at 2120 mV in cells transfected with Kir2.x channels alone or
together with Nter WT or after site-directed mutations. *P , 0.05 vs. Kir2.x alone. (C) Peak INav1.5-b density in cells transfected with Nav1.5-b channels
alone or together with Nter WT or after site-directed mutations. *P , 0.05 vs. Nav1.5-b alone. (D) Mean current density–voltage curves for IKir2.1 re-
corded in cells expressing Kir2.1 channels alone or when cotransfected with S20A Nav1.5. In (B–D), each bar/point represents the mean+ SEM of more
than 25 experiments/cells (ANOVA followed by Newman–Keuls test and multilevel mixed-effects model). (E and F) a1-Syntrophin immunoprecipitated
with Nav1.5DPDZ (E, n ¼ 3 from three different dishes) but not with S20A Nav1.5DPDZ channels (F, n ¼ 3 from three different dishes). a1-Syntrophin
was detected by western blot in CHO lysates. Immunoprecipitation reactions used membrane-enriched preparations. The supernatants (Sup) recovered
after centrifugation of immunoprecipitations are also shown. As a negative control, lysate treated with non-specific IgG (and Protein A/G) was used
(‘Non-immune Ab’ lane). Both lysates and their corresponding co-inmunoprecipitation were run in the same gel, the lanes were separated (continuous
lines) only when incubating with the secondary antibody: peroxidase-conjugated secondary antibody to detect the lysates (normal WB) and HRP-protein
A for the co-immunoprecipitations. IB, antibody used for immunoblotting; IP, antibody used for immunoprecipitation.
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modulation. In fact, here we confirmed in human atrial samples that
Kir2.3 channels bind with high affinity to SAP9717 and neither positively
modulate Nav1.5 channels nor are positively modulated by Nav1.5.
Conversely, Kir2.1 SSV channels, which do not actually bind SAP97,16

are positively modulated by Nav1.5. Finally, as expected, SAP97 silen-
cing in CHO cells decreases Nav1.5 and Kir2.1 expression but does not
abolish Nav1.5 and Kir2.1 mutual modulation. Conversely, in CHO
cells in which a1-syntrophin expression was specifically silenced, ex-
pression of Nav1.5 and Kir2.1 is not reciprocally and positively modu-
lated any longer. Furthermore, our results demonstrated that in adult
rat ventricular myocytes, INa and IK1 densities were decreased when
a1-syntrophin expression was silenced. Moreover, Kir2.3 channels,
which do not bind to a1-syntrophin, neither are modulated by
Nav1.5 nor modulate Nav1.5 channel expression, both in expression
systems and in human atrial myocytes. All these results together lead
us to postulate that binding to a1-syntrophin allows the positive modu-
lation among Kir2.1, Kir2.2, and Nav1.5 channels.

Pull-down experiments using GST fusion proteins of the last 66 re-
sidues of the C-terminus of Nav1.5 suggested that the C-terminal
PDZ-binding domain is responsible for the Nav1.5–syntrophin inter-
action.2 Conversely, we show that Nav1.5DPDZ channels immunopre-
cipitated with a1-syntrophin. Indeed, we demonstrate that Nav1.5 can
also interact with a1-syntrophin via a PDZ-like sequence located at the
N-terminal domain. The sequence is very similar to the C-terminal se-
quence previously demonstrated to bind the globular syntrophin PDZ
domain with the exception that it lacks a free carboxylate group. Some
PDZ-domain proteins may also bind ‘internal’ (i.e. non-C-terminal)

PDZ-binding domains if these are presented within a primary or sec-
ondary structure that is sterically compatible with the PDZ-binding
grove.25 – 28 In skeletal muscle, it has been demonstrated that nNOS
binds to the syntrophin PDZ domain via a PDZ-binding domain which
is located at the N-terminal domain comprising a b-hairpin ‘finger’ (re-
sidues 100–130).27 In this case, the normally required terminal carb-
oxylate is replaced by the sharp b turn at the tip of the nNOS b

finger.27 Type A endothelin receptors (ETA) also exhibited an internal
PDZ-binding domain, whose secondary structure is similar to the
nNOS b-finger and that seems to act as an endocytic recycling signal.28

Interestingly, it has also been proposed that neuronal Nav1.8 channels
bind to Pdzd2, a multi PDZ-domain protein, by means of their intracel-
lular loop between domains II and III.29

Until recently, it had been considered that no other proteins inter-
acted with the N-terminal region of Nav1.5 channels.30 Clatot and
co-workers demonstrated that the N-terminal domain is able to in-
crease INav1.5 density allowing Nav1.5 channels to bypass a regulatory
system and reach the plasma membrane.20 Our results suggest that
the N-terminal domain of Nav1.5 binds directly or indirectly to
a1-syntrophin, increasing the membrane density of channels that are
also bound, via their C-terminal PDZ-binding domains, to syntrophin
(i.e. Nav1.5, Kir2.1, and Kir2.2). Importantly, the chaperone-like role
of Nter was observed not only in heterologous expression systems
but also in rat ventricular myocytes. Furthermore, we identified that
the Ser at position 20 critically determines the chaperone-like effect.
This Ser is ‘equivalent’ to the Ser at position 2 (p.2) in type I C-terminal
PDZ-binding domains.31 Consistently with this finding, S20A Nav1.5

Figure 7 Nter increases IK1 and INa densities in adult rat ventricular myocytes. Top, voltage clamp protocols. (A) IK1 traces recorded in rat ventricular
myocytes from the same heart. Cells were cultured with Ad-GFP (left) or Ad-Nter (right). (B) INa traces recorded in rat ventricular myocytes from the
same heart. Cells were cultured with Ad-GFP (left) or Ad-Nter (right). (C and D) Mean current density–voltage curves for IK1 (C) and INa (D) recorded in
myocytes infected with either Ad-GFP or Ad-Nter. Each point represents the mean+ SEM of more than 12 experiments/myocytes from three rats.
*P , 0.05 vs. Ad-GFP (ANOVA followed by Newman–Keuls test and multilevel mixed-effects model).
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channels did not reciprocally increase Kir2.1 channel density. Ser20 is
not predicted to be a phosphorylation site for protein kinase A and ex-
hibits the lower prediction score among all the residues amenable to be
phosphorylated by protein kinase C. Conversely, in an in vitro study
using mass spectrometry, not confirmed functionally, Ser20 resulted
a putative Ca2+/calmodulin (CaM)-dependent protein kinase II (CaM-
KII) phosphorylation site.32 However, Herren et al.32 did not propose
Ser20 as a CaMKII phosphorylation site at the N-terminus of Nav1.5
channels. On the other hand, it has been consistently demonstrated
that phosphorylation of Ser, Thr, or Tyr residues within the
PDZ-binding motifs hamper their interaction with the PDZ-domain
protein.31 Therefore, if Ser20 phosphorylation had been possible, it
would have prevented the N-terminal domain interaction with
a1-syntrophin. Importantly, Nav1.5 does not exhibit a cleavage site
just downstream the N-terminal PDZ-like binding domain that would
convert the ‘internal’ into a free N-terminal PDZ-binding domain.

Recent data suggest that Nav1.5 channels cluster into highly confined
functional nanodomains33 either at intercalated disks (IDs)3,34 – 36 or
lateral membranes.2,4 The latter comprises the membrane invagina-
tions called ‘T-tubules’ and the crests. Indeed, the pool of Nav1.5 chan-
nels located at the crests interacts with the DMC via a direct interaction
with syntrophin and is involved in both longitudinal and transverse
propagation of the cardiac impulse.2,4 Recent reports demonstrated
that the Nav1.5 C-terminal PDZ-binding domain is essential for
Nav1.5 expression at the crests but not at the IDs.4 Moreover, macro-
patch recordings showed a 60% decrease in INa recorded at the lateral
membrane of myocytes from mice expressing Nav1.5DPDZ channels.4

It could be speculated that the 40% remaining INa is generated by
Nav1.5 channels that interact with a1-syntrophin via their additional
N-terminal PDZ-binding domain. Furthermore, myocytes from mice
expressing Nav1.5DPDZ exhibited an IK1 density similar to that gener-
ated in myocytes from WT mice.4 These results agree with those pre-
sented here (Figure 5A) in the sense that Nav1.5DPDZ channels can
enhance IKir2.1 density as much as Nav1.5 WT, since they contain an in-
tact N-terminus. Our hypothesis, thus, is that Nav1.5 channels whose
expression is positively modulated by Kir2.1–2.2 channels are those of
the pool bounded to a1-syntrophin.

IK1– INa interactions are important in stabilizing and controlling the
frequency of the rotors that are responsible for fibrillating arrhyth-
mias.37 Therefore, reciprocal intermolecular interplay of Kir2.1/2.2
and Nav1.5 channels may have profound consequences on cardiac ex-
citability, under physiological conditions, and in the frequency and sta-
bility of re-entry as demonstrated recently.11 Here we provide new
understanding of the molecular interactions of the two most important
types of ion channel working together in a macromolecular signalling
complex to control excitability and impulse propagation. Moreover,
we propose that Kir2.x/Nav1.5 interplay is limited to ventricular myo-
cytes. However, further studies are needed to confirm this hypothesis.
Furthermore, we demonstrate the critical role of Ser20 of the
N-terminal domain of Nav1.5 channel and a1-syntrophin in the dynam-
ic reciprocity of Nav1.5 and Kir2.1/2.2 channels.

Supplementary material
Supplementary Material is available at Cardiovascular Research online.
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