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Abstract

Cardiac voltage-gated Na* (Nav) channels are key determinants of action potential waveforms,
refractoriness and propagation, and Nav1.5 is the main Nav pore-forming (a) subunit in the
mammalian heart. Although direct phosphorylation of the Nav1.5 protein has been suggested to
modulate various aspects of Nav channel physiology and pathophysiology, native Nav1.5
phosphorylation sites have not been identified. In the experiments here, a mass spectrometry
(MS)-based proteomic approach was developed to identify native Nav1.5 phosphorylation sites
directly. Using an anti-NavPAN antibody, Nav channel complexes were immunoprecipitated from
adult mouse cardiac ventricles. The MS analyses revealed that this antibody immunoprecipitates
several Nav a subunits in addition to Nav1.5, as well as several previously identified Nav channel
associated/regulatory proteins. Label-free comparative and data-driven phosphoproteomic
analyses of purified cardiac Nav1.5 protein identified 11 phosphorylation sites, 8 of which are
novel. All the phosphorylation sites identified except one in the N-terminus are in the first
intracellular linker loop, suggesting critical roles for this region in phosphorylation-dependent
cardiac Nav channel regulation. Interestingly, commonly used prediction algorithms did not
reliably predict these newly identified /in situ phosphorylation sites. Taken together, the results
presented provide the first /n situ map of basal phosphorylation sites on the mouse cardiac Nav1.5
a subunit.
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Introduction

Voltage-gated Na* (Nav) channels are critical determinants of membrane excitability in the
mammalian myocardium in that these channels underlie action potential generation,
refractoriness and propagation®. Defects in Nav channel expression or functioning,
associated with inherited or acquired cardiac disease, are linked to increased risk of life
threatening arrhythmias2. Although nine functionally related Nav pore-forming (a.) subunit
genes have been identified, SCN5A, which encodes Nav1.5, is the primary determinant of
mammalian cardiac Nav channels. Like the other Nav a subunits, the Nav1.5 protein has
four homologous domains (DI to DIV), each of which contains six transmembrane-spanning
segments, three intracellular linker loops (between the domains) and cytoplasmic N- and C-
termini. Accumulated evidence suggests that native cardiac Nav1.5 channels function in
macromolecular protein complexes comprising a variety of interacting and regulatory
proteins 4.

Post-translational modifications, such as ubiquitylation or phosphorylation, of Nav1.5 have
also been suggested to be important in the regulation of cardiac Nav channel expression and
biophysical properties® 4. Activation of Protein Kinase A (following p-adrenergic
stimulation), for example, increases Nav current densities in ventricular myocytes, an
observation interpreted as consistent with direct phosphorylation of the channels and
enhanced trafficking to the cell surface>-8. Several recent reports have also linked Ca2*/
Calmodulin-dependent protein Kinase Il (CamKIl) to the regulation of cardiac Nav channel
gating, which is altered dramatically in the failing heart® 10. Biochemical studies have also
revealed CamKII-mediated phosphorylation of Nav1.5 and suggested roles for serine-516,
serine-571 and threonine-594 as critical sites for CamKIl-mediated modulation of the
kinetics and voltage-dependence of cardiac Nav channel inactivationl: 12, Although these
combined observations suggest critical roles for kinase-mediated phosphorylation in
regulating the expression and the properties of myocardial Nav channels, the basal, /n situ
phosphorylation sites on the cardiac Nav1.5 protein have not been identified.

Increasingly, the application of MS-based proteomic analyses has revealed that the numbers
and complexities of phosphorylation sites on membrane proteins, including ion channels, are
much greater than expected and, in addition, are distinct from patterns predicted based upon
consensus sequences3-15. A number of recent studies on the voltage-gated K* channel
subunits Kv2.116 and Kv1.217, as well as on the pore-forming subunit (BKc,) of the large-
conductance Ca2*-activated K* channell8, have revealed the power of such proteomic
approaches for the identification of native phosphorylation sites. Although enrichment
methods, based on chromatography, have improved and advanced phosphoproteomic
analyses, these approaches still lack sensitivity and specificityl®. Recent innovative
advancements associated with label-free quantitative MS analyses29-23 combined with the
increased capabilities to acquire high mass resolution and directed mass spectral data24-28
are now making it possible to achieve sensitive phosphoproteomic analyses of simple
protein mixtures without using enrichment methods.

In the experiments here, a MS-based proteomic approach was developed and utilized to
identify directly the basal in situ phosphorylation sites on the cardiac Nav1.5 a subunit
purified from adult mouse cardiac ventricles using a pan-anti-Nav a subunit antibody. In
addition to identifying Nav1.5, other Nav a subunits and Nav associated/regulatory proteins
by liquid chromatography tandem MS analyses, the development of a non-conventional
experimental approach, exploiting label-free quantification of high-resolution MS data,
followed by data-driven analyses of a comprehensive set of phosphorylated Nav1.5 peptides,
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led to the identification of multiple /n situ phosphorylation sites on the native mouse
ventricular Nav1.5 protein.

Materials and Methods

Animals were handled in accordance with the guidelines published in the European
Community Guide for the Care and Use of Laboratory Animals. Experimental protocols
were approved by the local animal care and use committee (Comité d’Ethique pour
I’Expérimentation Animale des Pays de la Loire).

Immunoprecipitation of Cardiac Nav Channel Complexes

Flash-frozen ventricles from adult wild-type mice were homogenized in ice-cold lysis buffer
containing 20 MM HEPES (pH 7.4), 150 mM NacCl, 0.5% amidosulfobetaine (Sigma), 1X
complete protease inhibitor cocktail tablet (Roche), 1 mM PMSF (Interchim), 0.7 ug/ml
pepstatin A (Thermo Scientific) and 1X Halt phosphatase inhibitor cocktail (Thermo
Scientific). After 15-min rotation at 4°C, 8 mg of the soluble protein fraction were pre-
cleared with 200 uL of protein G-magnetic beads (Invitrogen) for 1 hr and subsequently
used for immunoprecipitations (IP) with 48 pg of an anti-NavPAN monoclonal antibody
(maNavPAN, Sigma), raised against the SP19 epitope?® located in the third intracellular
linker loop and common to all Nav a subunits. Parallel control experiments were completed
using 48 ug of a non-specific mouse immunoglobulin G (mlgG, Santa Cruz Biotechnology).
Prior to the IP, antibodies were cross-linked to 200 ul of protein G-magnetic beads using 20
mM dimethyl pimelimidate (Thermo Scientific)3C. Protein samples and antibody-coupled
beads were mixed for 2 hr at 4°C. Magnetic beads were then collected, washed rapidly four
times with ice-cold lysis buffer, and isolated protein complexes were eluted from the beads
in 1X Sodium Dodecyl Sulfate (SDS) buffer at 60°C for 5 min (for gel electrophoresis
analyses), or in 2% Rapigest3! (Waters), 8 M urea (Sigma), 100 mM Tris (pH 8.5) at 37°C
for 30 min (for mass spectrometric analyses).

Gel Electrophoreses and Western Blot Analyses

Eluted proteins were separated on one-dimensional polyacrylamide gels after treatment with
100 mM dithiothreitol (DTT) at 60°C for 5 min and analyzed by either Coomassie blue
(Fermentas) staining or Western blotting using a rabbit polyclonal anti-Nav1.5 antibody
(RbaNav1.5, Alomone, #ASC-005). Bound antibodies were detected using horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology), and
protein signals were visualized using the ECL Plus Western blotting detection system (GE
Healthcare).

In-Solution Endoprotease Digestion

Eluted proteins (in 2% Rapigest, 8 M urea, 100 mM Tris, pH 8.5) were precipitated using
the 2D protein clean up kit (GE Healthcare). The resulting pellets were dissolved in 8 M
urea, 100 mM Tris (pH 8.5), reduced with 5 mM tris (2-carboxyethyl) phosphine (pH 8.0)
for 30 min at room temperature, and alkylated with 10 mM iodoacetamide (BioRad) for 30
min at room temperature. Samples were then digested with 1 pg endoproteinase Lys-C
(Roche) overnight at 37°C, and subsequently with 4 pg of trypsin (Sigma) overnight at
37°C. Peptides were acidified with formic acid, extracted with NuTip porous graphite
carbon wedge tips (Glygen), and eluted with aqueous acetonitrile (ACN, 60%) containing
formic acid (FA, 0.1%). The extracted peptides were dried, dissolved in aqueous ACN/FA
(1%/1%), stored at —80°C and subsequently analyzed using one-dimensional LC-MS/MS.
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LC-MS/MS Analyses

Peptide mixtures were analyzed using high-resolution nano-LC-MS on a hybrid mass
spectrometer consisting of a linear quadrupole ion trap and an Orbitrap (LTQ-Orbitrap XL,
Thermo Fisher Scientific). Chromatographic separations were performed using a nanoLC
1D Plus™ (Eksigent) for gradient delivery and a cHiPLC-nanoflex (Eksigent) equipped with
a 15 cm x 75 pm C18 column (ChromXP C18-CL, 3 um, 120 A, Eksigent). The liquid
chromatograph was interfaced to the mass spectrometer with a nanospray source (PicoView
PV550; New Objective). Mobile phases were 1% FA in water (A) and 1% FA in ACN (B).
After equilibrating the column in 100% solvent A (aqueous 1% FA) and 0% of solvent B
(ACN containing 1% FA), the samples (5 pL) were injected from autosampler vials using
the LC-system-autosampler at a flow rate of 750 nL/min for 20 min followed by gradient
elution (250 nL/min) with solvent B: isocratic at 2% B, 0-5 min; 2% to 25% B, 5-110 min;
25% to 80% B, 110-170 min; 80% to 2% B, 170-175 min; and isocratic at 2% B, 175-190
min. Total run time, including column equilibration, sample loading, and analysis was 217
min.

The survey scans (/m/z 350-2000) (MS1) were acquired at high-resolution (60,000 at /7/z
400) in the Orbitrap, and the MS/MS (MS2) spectra were acquired in the linear ion trap at
low-resolution, both in profile mode. The maximum injection times for the MS1 scans in the
Orbitrap and the LTQ were 500 and 200 ms, respectively. The automatic gain control targets
for the Orbitrap and the LTQ were 5 x 10° and 3 x 104, respectively. The MS1 scans were
followed by six MS2 events in the linear ion trap with collision activation in the ion trap
(parent threshold 1000, isolation width 2.0 Da, normalized collision energy 30%, activation
©0.250, and activation time 30 ms). Maximum injection times for the MS2 scans were 100
msec, and the automatic gain control target for the LTQ was 1 x 10%. Dynamic exclusion
was used to remove selected precursor ions (—=0.20/+1.0 Da) for 90 s after MS2 acquisitions.
A repeat count of 1, a repeat duration of 45 s, and a maximal exclusion list size of 500 were
used. The following ion source parameters were used: capillary temperature 200°C, source
voltage 3.0 kV, source current 100 pA, capillary voltage 33 V, and tube lens 120 V. Data
were acquired using XCalibur, version 2.0.7 (Thermo Fisher).

For high-resolution data-driven analyses, survey scans (/m/z 350—-2000) (MS1) were acquired
at high-resolution (60,000 at //z= 400) in the Orbitrap in profile mode and MS2 spectra
were acquired at 7500 resolution in the Orbitrap in profile mode after fragmentation in the
linear ion trap. The maximum injection times for the MS1 scans in the Orbitrap and the LTQ
were both 500 ms, and the maximum injection times for the MSn scans in the Orbitrap and
the LTQ were 500 ms and 1000 ms, respectively. The automatic gain control targets for the
Orbitrap and the LTQ were 2 x 10° and 3 x 104, respectively, for the MS1 scans and 1 x 10°
and 1 x 10%, respectively, for the MSn scans. The MS1 scans were followed by three MS2
events in the linear ion trap with collision activation in the ion trap (parent threshold 10000,
isolation width 4.0 Da, normalized collision energy 30%, activation Q 0.250, activation time
30 ms). Targeted masses were placed in a global mass list with retention time windows
specified, and MS2 spectral acquisitions were triggered if the parent mass was within 20
ppm. Dynamic exclusion was disabled. The following ion source parameters were used:
capillary temperature 200°C, source voltage 4.5 kV, source current 100 pA, and tube lens
165 V. Data were acquired using XCalibur, version 2.0.7 (Thermo Fisher).

Data Analyses for Protein Identification

The LC-MS raw files were processed using MASCOT Distiller (version 2.3.0.0, Matrix
Science) with settings previously described?3. The resulting MS2 centroided files were used
for database searching with MASCOT (version 2.1.6) against either the Uniprot-Mouse
database or a custom, in-house database containing Nav1.5 using the following parameters:
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trypsin as the enzyme, MS tolerance of 20 ppm, MS/MS tolerance of 0.8 Da (low-resolution
MS/MS) or 100 mmu (high-resolution MS/MS), with a fixed carbamidomethylation of Cys
residues and variable modifications being oxidation (Met) and phosphorylation (Ser, Thr
and/or Tyr), a maximal number of missed cleavages of 9, and +1, +2, and +3 charge states.
Scaffold (version 3.4.5, Proteome Software) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted when established at greater
than 95% probability using the Peptide Prophet algorithm32. Protein identifications were
accepted when established at greater than 95% probability and contained at least one
identified peptide. Protein probabilities were assigned by the Protein Prophet algorithm33.
Proteins that contained similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of parsimony.

Identification of Putative Phosphopeptides for Data-Driven Analyses

Candidate phosphopeptides to be characterized by data-driven analyses were selected in
Rosetta Elucidator™ (version 3.3, Rosetta Biosoftware) by querying observed m/z values
with a theoretical list obtained from /n sifico digestion of mouse Nav1.5. To perform label-
free quantitative analyses of mass spectra of precursor ions (MS1) data, the LC-MS/MS data
from triplicate analyses of control (mlgG-IPs) and of experimental (maNavPAN-IPs)
immunoprecipitates were imported into Rosetta Elucidator for retention time and m/z
alignment of the peptide ion chromatograms as previously described?2. Normalization of
signal intensities across samples was performed using the average signal intensities obtained
in each sample. The /n silico digestion was performed using mMass34 with trypsin as the
proteolytic enzyme, a maximal number of 5 missed cleavages, carbamidomethylation of Cys
residues as a fixed modification, oxidation of Met residues as well as single or double
phosphorylation (on Ser, Thr and/or Tyr) as variable modifications, and +2 and +3 charge
states. Theoretical m/z values were sorted by charge state for mass-matching within Rosetta
Elucidator with a tolerance of 20 ppm. After matching, results were filtered to ensure that all
matches were correct by mass and charge and that all matched phosphopeptides were not
part of predicted Nav1.5 transmembrane domains. Results were subsequently filtered to
keep only those /2 values of peptides that were present in the 3 maNavPAN-IPs and
absent in the 3 mlgG-IPs. lon chromatograms and isotopic distributions of the remaining
peptides were then visually inspected to remove misaligned or noisy data. As a final check,
the presence/absence of the +2 and/or +3 unphosphorylated peptide versions of each
matched phosphopeptide was examined manually in XCalibur: only those m/z values for
which at least one of the unphosphorylated counterparts was found within 5 min of the
putative phosphopeptide were retained as candidates for accurate inclusion mass screening
MS2 analyses from original pooled maNavPAN-IP samples.

Phosphopeptide Spectral Interpretation and Site Localization

Phosphopeptide spectra from data-dependent and accurate inclusion mass screening were
manually interpreted by comparing the observed mass values from the spectrum in XCalibur
with the theoretical parent and fragment Nav1.5 ion mass values from MS-Product
(prospector.ucsf.edu). In those instances of data-dependent low-resolution MS2 spectrum
analyses where duplicate peptides were detected, the peptide with the highest Scaffold
probability and Mascot ion scores was selected for analysis. When a phosphopeptide ion
was triggered multiple times in series for accurate inclusion mass screening, similar spectra
were summed across the most intense portion of the chromatographic peak, and the resulting
summed spectrum was used for ion and phosphorylation site assignments. Annotations of
MS2 spectra were first automated using a java-based software (http://code.google.com/p/
code915/source/browse/trunk/proteomics/src/fr/inserm/umr915/proteomics/
MassSpecProduct.java) which matches observed m/z values with theoretical fragment
masses from MS-Product, and definitive annotations were subsequently obtained by manual
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verification and interpretation. Mass accuracy tolerances of 20 ppm or 0.5 Da were used as
guidelines for high- and low-resolution spectral annotations, respectively, and only those
ions with mass errors within these ranges were included to determine residue coverage and
location(s) of phosphorylation site(s). Additionally, for spectral annotation of high-
resolution MS2 data, charge states of observed parent and fragment ions were determined,
and only precursor, b- and y-ions with confirmed charge states (i.e. with at least the presence
of the 13C isotope peak) were used. The presence of a very intense peak signal (if not the
base peak) corresponding to the neutral loss of phosphoric acid from the intact parent ion
(loss of 98 for +1 ions, 49 for +2 ions, and 32.66 for +3 ions) during collision induced
dissociation was considered as a strong indication of phosphorylation. The phosphorylation
site assignments were based on the presence or absence of the unphosphorylated and
phosphorylated b- and y-ions flanking the site(s) of phosphorylation, ions that we call site-
discriminating ions throughout this manuscript. When site-discriminating ions were not all
detected, assignments of phosphorylation sites were narrowed down to one, two (for pS524
and/or pS525) or four (for pS36, pT38, pS39 and/or pS42) possibility(ies) by elimination. In
addition to mass accuracy and charge state, the relative percentage of maximum intensity of
site-discriminating ions or of any supporting ions in each analyzed spectrum was also
considered for spectral annotation. The representative MS1 and MS2 spectra used for each
of the phosphorylation site assignments are presented in Figure 3 and Supplemental Figures.
The definition of all observed site-discriminating ions, as well as the calculated mass errors,
charge state confirmations and/or percentages of maximum intensities for all supporting b-
and y-ions (as well as for the loss of phosphoric acid peaks) are summarized in Table 2 and
Supplemental Tables.

Purification and Characterization of Cardiac Nav Channel Complexes

Native Nav channel complexes were immunoprecipitated (IP) from adult wild-type mouse
cardiac ventricles using a monoclonal anti-NavPAN specific antibody (maNavPAN)
directed against the third intracellular linker loop of Nav a subunits, and the protein
components of the isolated channel complexes were identified using a MS-based proteomic
approach3®. A non-specific mouse immunoglobulin G (mlgG) was used in control IPs from
the same cardiac protein lysates. As illustrated in Figure 1B, Western blot analyses of the
immunoprecipitated proteins probed with a polyclonal anti-Nav1.5 specific antibody
(RbaNav1.5) reliably revealed robust Nav1.5 IP from mouse cardiac ventricles with
maNavPAN. The IP of Nav1.5 was specific as evidenced by the absence of signal in the
mlgG-IP. Importantly, Western blot analyses of the IP supernatants revealed > 80%
depletion of the Nav1.5 protein (lower panel of Figure 1B), suggesting that the isolated
Nav1.5 channel complexes likely are representative of the entire mouse ventricle population
of Nav1.5 channels. Analyses of immunoprecipitated proteins on Coomassie blue-stained
gels revealed the presence of a band corresponding to the molecular weight of Nav a
subunits and specific to the maNavPAN-IPs, i.e., the band was absent in the control IPs
(Figure 1A). Mass spectrometric analyses of this Coomassie blue-stained protein band led to
the reliable identification of multiple peptides derived from the Nav1.5 protein (data not
shown). In contrast, analyses of the corresponding gel area from the control mlgG-IPs did
not reveal any peptides corresponding to the Nav1.5 protein or to other Nav a subunits.
Taken together, these observations demonstrate that maNavPAN-IPs from wild-type mouse
ventricles were enriched in the protein components of Nav channel complexes.

To identify the protein components of native Nav channel complexes, the entire
immunoprecipitated protein samples (i.e., without gel fractionation) were analyzed using
one-dimensional LC-MS/MS. Interestingly, in addition to the Nav1.5 protein which was the
most abundant protein in the maNavPAN-IPs, these analyses also resulted in the
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identification of three other Nav a subunits, Nav1.4, Nav1.3 and Nav1.7 (Table 1).
Compared with Nav1.5, however, only a few peptides of these Nav a. subunits were
detected, suggesting lower relative abundances in mouse ventricles (Table 1). These
experiments also led to the reliable identification of some previously identified Nav channel
associated/regulatory proteins® 4, including calmodulin, the &, B and -y subunits of the CaZ*/
Calmodulin-dependent protein Kinase 11 (CamKI118, CamKIIp and CamKIlI-y) and Fibroblast
Growth Factor 13 (FGF13)36 (Table 1). The numbers of unique and total peptides detected
using these analyses as well as the amino acid sequence coverage obtained for each protein
are shown in Table 1; none of these peptides were detected in the control mlgG-IPs. As an
example, 86 (and 298 total) Nav1.5 peptides were detected, corresponding to 25% amino
acid sequence coverage of the Nav1.5 protein (Table 1). Although the sequence coverage of
the Nav1.5 protein is quite good, nearly all of the peptides identified are located in the C-
and N-termini or in the first intracellular linker loop of the protein (Figure 1C). No peptides
in the transmembrane domains of Nav1.5 were identified, which, as previously suggested for
other channels®, likely reflects the hydrophobic nature of the transmembrane domains.

A Label-Free Comparative and Data-Driven Phosphoproteomic Strategy for the Analysis of
Purified Cardiac Nav1.5 Protein

In an effort to obtain a comprehensive phosphorylation map of the cardiac Nav1.5 a
subunit, a label-free comparative and data-driven MS-based phosphoproteomic strategy was
developed (Figure 2). In this strategy, MS1 data obtained from high-resolution mass spectra
of precursor ions from triplicate analyses of maNavPAN-I1Ps and mlgG-IPs were extracted,
aligned based upon /m/zand retention times, and label-free quantified using Rosetta
Elucidator computational methods?2. These off-line analyses provided a list of detected MS1
peptide features defined by a m/zvalue, a charge state, a retention time, intensities (in the
six samples analyzed), and when annotated by tandem mass spectrometry (MS2) analyses, a
peptide sequence and protein name. As an illustration of this point, a MS2 annotated Nav1.5
peptide was detected in the triplicate maNavPAN-IPs and absent in the mIgG-IPs, whereas
an albumin peptide was equally represented in the maNavPAN- and mlgG-IPs (Figure 2).
All the m/zvalues of peptide features present in maNavPAN-IPs and absent in migG-I1Ps
were then selected and searched against theoretical /2 values of phosphorylated and
unphosphorylated Nav1.5 peptides using a 20 ppm mass tolerance. Mass-matched peptide
features corresponding to putative phosphorylated Nav1.5 peptides were filtered based upon
several quality criteria as described in Materials and M ethods and Figure 2, and the
remaining peptide features (a total of 68) were selected for subsequent fragmentation in
data-driven high-resolution MS2 analyses.

Mapping of Native Cardiac Nav1.5 Phosphorylation Sites

With the aim of identifying the basal /in situ phosphorylation sites on the cardiac Nav1.5 a
subunit protein, manual interpretations of MS2 spectra exhibiting possible
phosphorylation(s) from the initial low-resolution MS2 analyses of the maNavPAN-IPs
were first undertaken. In these data-dependent analyses, two peptides were sequenced and
annotated by the Mascot program as singly and doubly phosphorylated Nav1.5 peptides. In
the triply charged, singly phosphorylated Nav1.5 peptide, AL(pS)AVSVLTSALEELEESHR
(amino acids 662 to 681), the presence of masses of specific fragment ions containing (or
not) a phosphate group unambiguously enabled the assignment of the phosphorylation site to
serine-664 (pS664) (Table 2). Spectral annotation for the doubly phosphorylated Nav1.5
peptide, AL(pS)AV(pS)VLTSALEELEESHRK (amino acids 662 to 682), resulted in the
identification of an additional phosphoserine at position 667 (pS667) (Table 2). The
corresponding representative MS2 spectra of these phosphopeptides, as well as the
percentage of maximum intensities of the site-discriminating ions allowing phosphorylation
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site assignments, are presented in the Supplemental Figures and Table 2, respectively.
Descriptions of all detected supporting ions are given in the Supplemental Tables.

To generate a comprehensive phosphorylation map of the cardiac Nav1.5 a subunit, a label-
free comparative and data-driven phosphoproteomic strategy was exploited from the cardiac
maNavPAN-1Ps and migG-IPs as described above and in Figure 2. Of the 68 peptide
features selected for fragmentation and high-resolution MS2 analyses (see Figure 2), 15
corresponded to singly or doubly phosphorylated Nav1.5 peptides (Table 2). Annotation of
12 of these phosphopeptides unambiguously allowed the identification of 7 additional serine
phosphorylation sites at positions 457, 460, 483, 484, 497, 510 and 571 (Table 2 and
Supplemental Figures). As an example, spectral analysis of the singly phosphorylated
Nav1.5 peptide, GVDTVSRS(pS)LEMSPLAPVTNHER (amino acids 452 to 474), enabled
the assignment of the phosphorylation site to serine-460 (pS460) (Figure 3). The
corresponding triply charged precursor ion was observed at /7/z854.739 with a mass error
of —0.23 ppm as compared with the theoretical m/2854.7388 (see left inset of Figure 3), and
the most prominent ion in the collisionally induced tandem mass spectrum is the triply
charged [M + 3H - H3PO,4]3* species at /7/2822.079 characteristic of a neutral loss of
phosphoric acid. Unambiguous assignment to serine-460 was afforded by the presence of the
unphosphorylated bg!* (right inset of Figure 3), y1o1* and y1,2*, along with the
phosphorylated bgl* and y;72* site-discriminating (or supporting) ions. Additionally,
although determination of the exact site(s) of phosphorylation could not be made, analyses
of 3 additional Nav1.5 phosphopeptide spectra (from high- or low-resolution data-driven
MS2 analyses) supported the assignments of pS36, pT38, pS39 and/or pS42 as well as of
pS524 and/or pS525 as sites of phosphorylation (Table 2 and Supplemental Figures).
Calculated mass errors, confirmation of charge states (and percentages of maximum
intensities for low-resolution MS2 spectra) of all detected site-discriminating and supporting
ions are given in the Supplemental Tables.

Figure 4 illustrates the locations of the 11 phosphorylated residues identified. With the
exception of one residue located in the cytoplasmic N-terminus (pS36, pT38, pS39 and/or
pS42), all the phosphorylation sites identified are clustered in the first intracellular linker
loop. No phosphosites were identified in the second and third intracellular linker loops or in
the cytoplasmic C-terminus, although multiple non-modified peptides from these regions
were detected (see Figure 1C).

Comparison of Mass Spectrometry-ldentified and Predicted Nav1.5 Phosphorylation Sites

The Jn situ phosphorylation map of the cardiac Nav1.5 a subunit identified here using LC-
MS/MS analyses was compared directly to phosphorylation site predictions obtained from
widely used computer algorithms. Five distinct algorithms (Scansite3”, Phosphosite38,
NetPhos 2.039, DISPHOS*? and NetPhosK 1.0%1) were chosen based on the methods used
for predictions ranging from simple consensus patterns to more advanced machine-learning
algorithms. Interestingly, these algorithms did not reliably predict the pattern of /n situ
cardiac Nav1.5 phosphorylation sites observed experimentally. Indeed, as illustrated in
Figure 5, only one of the (15) /n situ phosphorylation site (pS525) identified here was
predicted by all algorithms. The other /n situ phosphorylation sites identified experimentally
were either not predicted at all (pS667), or were predicted by one (pT38, pS510), two (pS36,
pS39, pS42, pS524, pS664), three (pS457, pS497) or four (pS460, pS483, pS484) of the
algorithms used. Interestingly, the algorithms also predicted a rather large number of other
phosphorylation sites on the Nav1.5 protein that were not identified experimentally. NetPhos
2.0 and NetPhosK 1.0, for example, predicted a total of 121 and 144 phosphorylation sites,
respectively, on the mouse Nav1.5 protein.
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Discussion

The results presented here represent the first MS-based analysis of native cardiac Nav
channels. In addition to identifying several components of cardiac Nav channel complexes
by LC-MS/MS analyses, the phosphoproteomic approach developed and exploited here
provides the first /n situ basal phosphorylation map of the cardiac Nav1.5 a subunit and
demonstrates that native cardiac Nav1.5 channels are highly phosphorylated. Whereas only
two phosphorylated serines were detected using conventional data-dependent MS analyses,
the use of the label-free comparative and data-driven phosphoproteomic strategy allowed the
identification of nine additional phosphorylation sites on the native cardiac Nav1.5 protein,
demonstrating the sensitivity and the effectiveness of the methodologies developed.

Mass Spectrometry-Based Identification of Native Cardiac Nav Channel Complexes

The immunoprecipitation approach for purifying native Nav channel complexes from adult
mouse ventricles is efficient, and enabled the identification of several components of native
cardiac Nav channels by LC-MS/MS analyses. In addition to the Nav1.5 a subunit, which is
the main cardiac Nav a. subunit3 4 and the most abundant protein identified in the IP, three
other Nav a subunits, Nav1.3, Nav1.4 and Nav1.7, were also detected. Although much less
abundant than Nav1.5 (Table 1), the presence of these other Nav a subunits is interesting in
light of previous studies suggesting roles for neuronal Nav channel a subunits, including
Navl.1, Nav1.3 and Nav1.6 in coupling electrical excitation to contraction in the transverse
tubules of cardiomyocytes®2. It is certainly also possible, however, that these Nav a subunits
are part of Nav channel complexes expressed in other cell types present in the heart, such as
fibroblasts*3, neuronal** and/or endothelial®® cells. Alternative experimental approaches
will need to be exploited to define the physiological roles of these Nav a subunits in the
myocardium. In addition to Nav a subunits, several previously identified Nav associated/
regulatory proteins® 4, including calmodulin, the 8, B and y subunits of CaZ*/Calmodulin-
dependent protein Kinase Il (CamKI16, CamKIIp, CamKIly) and intracellular Fibroblast
Growth Factor 13 (FGF13)38 were also identified.

Mass Spectrometry-Based Identification of Native Cardiac Nav1.5 a Subunit
Phosphorylation Sites

The phosphoproteomic analyses here revealed unexpected complexity in the numbers and
distributions of /n situ basal phosphorylation sites on the Nav1.5 a subunit protein. A total
of eleven phosphorylation sites on the native mouse ventricular Nav1.5 protein were
identified, which compares in magnitude with the number (nine) of Nav1.5 phosphorylation
sites previously identified in the literature® 11, 12, 46-48 nterestingly, however, among the
eleven native phosphorylation sites identified here, only four, serines-484*7, -5255, -57112
and -664*7 were suggested previously based on /n vitro phosphorylation site analyses and/or
predictions based upon consensus phosphorylation sequences. In this regard, it is
particularly interesting to note that the five commonly used phosphorylation site prediction
algorithms, including the cutting-edge NetPhosK 1.041, did not accurately predict 7 situ
phosphorylation sites on the native Nav1.5 protein. Collectively, the available algorithms
demonstrated low accuracy and poor prediction rankings for the majority of the MS-
identified /n situ phosphorylation sites on mouse ventricular Nav1.5, together with high
sensitivity for numerous phosphorylation sites not detected /n situ. Consistent with previous
reports13-15, therefore, the results presented here clearly suggest that the use of kinase
consensus phosphorylation sites, as well as more advanced algorithms, to predict the
numbers and locations of native protein phosphorylation sites has substantive limitations
and, in addition, that MS-based proteomic analysis of native tissues is the approach of
choice for identifying /in situ and physiologically relevant phosphorylation sites.

J Proteome Res. Author manuscript; available in PMC 2013 December 07.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Marionneau et al.

Page 10

With the exception of one residue located in the cytoplasmic N-terminus, all of the
phosphorylation sites identified here are clustered in the first intracellular linker loop of
Nav1.5. These findings are consistent with previous studies on cardiac®-8: 49 and
neuronal®3 14.50 Na* channels, suggesting a critical and highly-conserved role for this
region in phosphorylation-dependent channel regulation. Using two-dimensional
phosphopeptide mapping, for example, two /in vitro PKA phosphorylation sites (at
serines-525 and -528) have previously been identified on the Nav1.5 protein®. In addition,
functional studies revealed that phosphorylation at these sites enhances channel trafficking
to the cell surface and increases Na* current densities” 8. Depending on the cellular model
used, however, PKA has been reported to cause diverse effects on cardiac Na*

channels®1: 52, suggesting that additional phosphorylation sites are present and can cause
additional functional effects. Several of the other phosphorylation sites identified here,
specifically serines-460, -483, -484, -510, -571 and -664, also correspond (in addition to
serine-525) to predicted PKA phosphorylation sites (NetPhosK 1.0 predictions) and
represent, therefore, good candidates for multisite phosphorylation-dependent regulation by
PKA. Nav channel phosphorylation and regulation by the Serum and Glucocorticoid
inducible Kinases (SGK) have also been suggested to modify residues in the first
intracellular linker loop, specifically at serines-484 and -66447. Phosphorylation of
serine-571 (as also identified /n situ) in the first intracellular linker loop has previously been
suggested to mediate the regulation of Nav1.5 channels by the Ca?*/Calmodulin-dependent
protein Kinase Il under basal conditions'2, whereas subsequent analyses have suggested
roles for phosphorylation of serine-516 and threonine-594 (not found here) under
pathological conditions?1,

To determine if the /n sifu basal phosphorylation sites identified here on mouse cardiac
Nav1.5 are conserved across species, the rat and human Nav1.5 proteins were aligned with
the mouse sequence (Figure 6). To extend the comparison to other Nav a subunits, the
amino acid sequences of Nav1.1 through Nav1.9 were also aligned and the positions of the
corresponding serines and threonines were compared (Figure 6). The Nav protein sequences
in Figure 6, except Nav1.1 and Nav1.2, are mouse. The rat Nav1.1 and Nav1.2 sequences
were aligned with mouse Nav1.5 to allow direct comparison of the phosphorylation sites
identified here with the native phosphorylation sites previously identified on rat brain
Nav1.2 (and Nav1.1) using similar mass spectrometric analyses!3. It is noteworthy that all of
the phosphorylation sites identified on the rat brain Nav1.2 and Nav1.1 proteinsi3 are
conserved in the orthologous mouse sequences (not illustrated).

These analyses revealed that, with the exception of phosphoserine-39, all of the basal
phosphorylation sites identified in the present study on mouse cardiac Nav1.5 are conserved
in the rat and human Nav1.5 proteins (Figure 6). In contrast, only one of the (15)
phosphorylation sites, phosphoserine-525, on mouse cardiac Nav1.5 was also identified
(phosphoserine-554) on rat brain Nav1.213 (Figure 6). Interestingly, serine-525 in cardiac
Nav1.5%-8 and serine-554 in brain Nav1.253 have both been previously suggested to be PKA
targets. All of the other (28) phosphorylated serines and threonines identified on mouse
Nav1.5 and brain Nav1.213 were either not present in the counterpart sequence (19 of them),
or when present (9 of them), were surrounded by different amino acids (Figure 6), which
could impact the likelihood of phosphorylation at these positions. As an illustration of these
observations, the mouse cardiac Nav1.5 phosphoserine-510 aligns with a phenylalanine
residue on the rat Nav1.2 protein (Figure 6). On the contrary, although the Nav1.5
phosphoserine-664 is present across all Nav homologues (except Nav1.4), the amino acids
surrounding this serine in each of the Nav proteins are distinct (Figure 6).

With the identification of eleven, including eight novel, /n situ phosphorylation sites, the
results here demonstrate high basal phosphorylation of the mouse cardiac Nav1.5 protein,
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suggesting additional levels of complexity involved in the /n vivo regulation of myocardial
Nav1.5-encoded channel expression and functioning. It is important to also note here,
however, that these proteomic data provide no direct information regarding protein function,
and that it will be necessary, therefore, to define the functional roles of these newly
identified phosphorylation sites, as well as the kinases and phosphatases involved in
controlling phosphorylation at these sites in native cells, using alternative experimental
approaches.

and Limitations of the Mass Spectrometry Approaches Used

The combined use of immunoaffinity purification from native tissue and label-free
comparative and data-driven phosphoproteomic analyses allowed the identification of the
basal /n situ phosphorylation sites on the Nav1.5 protein immunoprecipitated from adult
mouse hearts with no a priori knowledge or hypotheses. First and foremost, the use of
channel proteins purified from native tissue offered the clear advantage of identifying /n situ
phosphorylation sites directly. Second, the application of the label-free comparative and
data-driven mass spectrometry approaches here allowed us to circumvent the sensitivity
limitations inherent in mass spectrometry20: 22: 27 which generally proscribe the detection of
low-abundance phosphorylated peptides?4 26: 28 Indeed, contrary to more conventional
data-dependent (or intensity-driven) analyses, where only the most intense peptide signals
are triggered for MS2 acquisitions (which here allowed the identification of only two
Nav1.5 phosphorylation sites), the data-driven analyses enabled us to acquire MS2 spectra
on a comprehensive set of selected lower-abundance phosphorylated Nav1.5 peptides,
thereby increasing the number of Nav1.5 phosphorylation sites identified to eleven. Further
enrichment was realized using label-free comparative analysis followed by /n silico mass-
matching with theoretical phosphorylated Nav1.5 peptides which provided us with a list of
all possible phosphorylated Nav1.5 peptides from the mouse cardiac tissue sample analyzed.
Another clear advantage of the phosphoproteomic analyses developed here is the use of high
mass resolution MS1 and MS2 analyses which supported high-confidence spectral
annotations. Based on the results here, future studies focused on using this in-depth and
quantitative phosphoproteomic approach to identify kinase-specific phosphorylation sites
and to compare the phosphorylation status of Nav1.5 and other myocardial proteins under
different physiological and pathophysiological conditions are certainly warranted and will
be of considerable interest.

The use of MS-based proteomic approaches, nonetheless, also presents several caveats.
Technical limitations associated with the lability of phosphorylation modifications, or in
other words, with our inability to maintain these sites intact during the numerous steps
involved in immunoaffinity purification and protein digestion are highly probable. As a
consequence, it is important to keep in mind that the absence of detection of a
phosphorylated peptide does not necessarily mean that phosphorylation of this site is not
present /n situ. This might be the case, for example, of phosphorylation of serine-1503 by
PKC which has previously been shown to reduce Na* channel trafficking and current
densities and to alter channel steady-state inactivation8: %4, It is certainly possible that the
regulation of cardiac Nav1.5-encoded channels by PKC under basal conditions is minor and/
or only occurs in response to specific physiological or pathophysiological stimuli. Similarly,
phosphorylation of tyrosine-1498, which has previously been suggested to mediate
regulation of Nav1.5 channels by the Src family tyrosine kinase Fyn in HEK-293 cells*6, has
not been detected in the MS analyses here. Beyond the various technical limitations
described above, multiple biological reasons could also account for this absence of
detection, such as differences in species or cellular models. Finally, it is important to
consider that the phosphorylation sites identified in the present study, with the exception of
the phosphorylation sites identified from doubly phosphorylated peptides, do not necessarily
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originate from a single Nav1.5 a subunit, but could also belong to different pools of Nav1.5
molecules, localized, for example, in distinct subcellular compartments!2: 55, Taken
together, the results presented here highlight an unexpected complexity in the extent and the
distribution of /n situ phosphorylation sites on the cardiac Nav1.5 channel a subunit and
emphasize the importance of developing such in situ analyses for the identification of
physiologically or pathophysiologically relevant phosphorylation sites.
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Refer to Web version on PubMed Central for supplementary material.
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LC-MSMS Liquid Chromatography-tandem Mass Spectrometry
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MS1 Mass spectrum of precursor ions
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mlgG Mouse Immunoglobulin G

Nav a subunit Voltage-gated Na* (Nav) channel pore-forming (a) subunit
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MANFLLPRGTSSFRRFTRESLAAIEKRMAEKQARGSATSQESREGLPEEEAPRPQLDLQASKKLPDLYGN

PPRELIGEPLEDLDPFYSTQKTFIVLNKGKT IFRFSATNALYVLSPFHPVRRAAVKILVHSLFSMLIMCT
N-TERM
ILTNCVFMAQHDPPPWTKYVEYTFTAIYTFESLVKILARGFCLHAFTFLRDPWNWLDFSVIVMAYVSENT

1S3
KLGNLSALRTFRVLRALKTISVIPGLKT IVGALIQSVKKLADVMVLTVECLSVFALIGLOLFMGNLRHKC
IS4 1S5
VRNFTELNGTNGSVEADGIVWNSLDVYLNDPANYLLKNGTTDVLLCGNSSDAGTCPEGYRCLKAGENPDH

GYTSFDSFAWAFLALFRLMTQDCWERLYQQTLRSAGKI YMIFFMLVIFLGSFYLVNLILAVVAMAYEEQN
16
QATIAETEEKEKRFQEAMEMLKKEHEALTIRGVDTVSRSSLEMSPLAPVTNHERRSKRRKRLSSGTEDGG
Loop |

DDRLPKSDSEDGPRALNQLSLTHGLSRTSMRPRSSRGSIFTFRRRDQGSEADFADDENSTAGESESHRTS

LLVPWPLRRPSTQGOPGFGTSAPGHVLNGKRNSTVDCNGVVSLLGAGDAEATS PGSHLLRPIVLDRPPDT
Loop |
TTPSEEPGGPQMLTPQAPCADGFEEPGARQRAL 3 VSPVILT LEELEESHRKCPPCWNRFAQHYLIWECC
00
PLWMSI KQKVKFWMDPFADLTITMCIVLNTLFMRLE’}’HYNMTAE FEEMLQVGNLVFTGIFTAEMTFKIIA
LDPYYYFQOGWNIFDSI IVILISIIS:CELGLSRMGNLSVLRSFRLLRVFKMKSWPTLNT LIKIIGNSVGALG
NLTLVLAIIVFIFAW%LEGKNYSF.LRHRISDSGLLPRWHMI:/ASD‘FFHAFLITFRTI.CGF.WIF.TMWDCME
Iss

VSGQSLCLLVFLLVMVIGNLVVLNLFLALLLSSFSADNLTAPDEDGEMNNLQLALARIQRGLRFVKRTTW
116

DFCCGLLRRRPKKPAALATHSQLPSCIAAPRS PiPPE\:IEKA PPARKETRFEEDKRPGQGTPGDTEPVCVP
00|
IAVAESDTDDQEEDEENSLGTEEEESSKQQESQ\IiVS(pS(ISIHEPPQEPRAWSQVSETTSSEAEASTSQADWQQ
00|
EREAEPRAPGCGETPEDSYS EGSTADMTNTADLEEQ“I’ iDLGEDVKD PEDCFTEGCVRRCPCCMVDTTQAP
GKVWWRLRKTCYRIVEHSWFETFI;FMILLSSGA::';EDIYLEERKTIKVLLEYADM‘TYSVFVLEMLLK
WVAYGFKKYFTNAWCWI.DFLIV‘DI::S;..VSLVANTLG FAEMGPIKSLRTLRALRPLRALSR:IE(;V,RVVVNAL
VGAIPSI MNVLLVCLIFN!.IlIlgé"IﬁGVNLFAGKFGRC INQTEG! DLPLN!:ITS?VNNKSECE SFNVTGELYWTK

VKVNFDNVGAGYLALLQVATFKGWMDIMYAAVDSRGYEEQPQWEDNLYMYIYFVVFIIFGSFFTLNLFIG
nse

VIIDNFNQQKKKLGGQDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKYQGFIFDIVIKQAFDVTIMFL
Loop I vs1
ICLNMVTMMVETDDQSPEKVNILAKINLLEVAIFTGECIVKMAALRHY Y FTNSWNIFDEVVVILSIVGTV
vs2 Ivs3
LSDIIQKYFFSPTLFRVIRLARIGRILRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSIFGMA
Ivs4 Ivss
NFAYVKWEAGIDDMFNFQTFANSMLCLFQITTSAGWDGLLSPILNTGPPYCDPNLPNSNGSRGNCGSPAV

GILFFTTYIIISFLIVVNMYIAIILENFSVATEESTEPLSEDDEDMEYEIWEKFDPEATQFIEYLALSDF
IVS6 C-TERM
ADALSEPLRIAKPNQISLINMDLPMVSGDRIHCMDILFAFTKRVLGESGEMDALKIQMEEKFMAANPSKI
-TERM
SYEPITTTLRRKHEEVSATVIQRAFRRHLLQRSVKHASFLFRQQAGSSGLSDEDAPEREGLIAYMMNENF
C-TERM

SRRSGPLSSSSISSTSFPPSYDSVTRATSDNLPVRASDYSRSEDLADFPPSPDRDRESIV
C-TERM

Immunoprecipitation of cardiac Nav channel complexes. (A) Coomassie blue stained-gel of
immunoprecipitated (IP) proteins from adult wild-type mouse cardiac ventricles with the
anti-NavPAN monoclonal antibody (maNavPAN, directed against all Nav a subunits) or
with non-specific mouse immunoglobulin G (mlgG). Proteins running at the molecular
weight corresponding to the Nav a subunits are clearly evident in the maNavPAN-IP and
were identified directly using in-gel LC-MS/MS analyses (data not shown). None of these
Nav a subunits were detected in the control mlgG-IP. (B) Representative Western blot of
maNavPAN- and mlgG-IPs probed with an anti-Nav1.5 rabbit polyclonal antibody
(RbaNav1.5). The Nav1.5 protein is clearly evident in the maNavPAN-IP, but is absent in
the control mIgG-IP. In the lower panel, the same amounts of the corresponding IP
supernatants (IP sup) were analyzed, revealing that > 80% depletion of the Nav1.5 protein
was achieved. (C) Amino acid sequence coverage obtained for the (mouse) Nav1.5 protein.
Detected peptides are highlighted in yellow; transmembrane segments (S1-S6) in each
domain (I-1V) are in bold and are underlined in black; and loops I, Il and 111 correspond to
the interdomains I-I1, lI-111 and I11-1V, respectively.
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Figure2.

Alignment and label-free quantification of MS1 data
(Rosetta Elucidator software)
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Example of an albumin peptide:
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Mass-match between observed and theoretical m/z values
of phosphorylated and unphosphorylated Nav1.5 peptides

Peptide features

present in Theoretical
maNavPAN-IPs Nav1.5
and absent in phosphopeptides
mlgG-IPs

Removal of peptide features:

- with incorrect charge states

- corresponding to predicted Nav1.5 transmembrane domains
- for which the unphosphorylated peptide version was not
found at a close retention time

R 2

Selection of 68 peptide features ‘

L 2

Data-driven high-resolution MS2 analyses ‘

¥

Identification of 15 additional Nav1.5 phosphopeptides
(and 9 Nav1.5 phosphorylation sites)

Schematic flow diagram illustrating the label-free comparative and data-driven
phosphoproteomic strategy used to identify /n situ cardiac Nav1.5 phosphorylation sites.
MS1 data obtained from high-resolution mass spectra of precursor ions from triplicate
analyses of maNavPAN- and mlgG-1Ps were aligned (based upon m/z and retention times)
and label-free quantified off-line using the Rosetta Elucidator software?2. The ion
chromatograms, isotope clusters and intensities of two annotated peptide features are
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illustrated. The Nav1.5 peptide is detected in the (triplicate) maNavPAN-IPs, but is absent

in the (triplicate) mlgG-I1Ps whereas the albumin peptide is equally represented in the

maNavPAN- and mlgG-IPs. The m/z values of peptide features present in maNavPAN-I1Ps
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and absent in mIgG-IPs were then searched against theoretical //z values of phosphorylated
and unphosphorylated Nav1.5 peptides using a 20 ppm mass tolerance. Mass-matched
peptide features corresponding to putative phosphorylated Nav1.5 peptides were
subsequently filtered based upon several quality criteria, and the remaining peptide features
(a total of 68) were finally selected for fragmentation in data-driven high-resolution MS2
analyses. These analyses led to the identification of 15 additional Nav1.5 phosphopeptides
and 9 Nav1.5 phosphorylation sites.
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Representative high-resolution tandem mass (MS2) spectrum of the singly phosphorylated

Nav1.5 tryptic peptide demonstrating the phosphorylation of serine-460 (pS460). The triply
charged singly phosphorylated Nav1.5 peptide at /7/z854.739 (left inset) was fragmented to
produce a MS2 spectrum with y- (highlighted in blue) and b- (in red) ion series that describe
the sequence NH2-GVDTVSRS(pS)LEMSPLAPVTNHER-COOH (amino acids 452—-474).

The most prominent ion in the MS2 spectrum is the triply charged [M+3H-H3P0,]3* species
at m/z822.079 (highlighted in green), characteristic of a neutral loss of phosphoric acid. The
phosphorylation site was unambiguously assigned to serine-460 due to the presence of the
unphosphorylated bg!* (right inset), y1o1* and y1,2*, along with the phosphorylated bgl* and
y172* site-discriminating (or supporting) ions. The charge state confirmations and the
percentages of maximum intensities of site-discriminating ions are presented in Table 2, and
the complete list of assigned ions is given in the Supplemental Table.
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ouT

S36, T38, S39 S510 S524 and/or S525
and/or S42

Figure4.

Localization of MS-identified /n situ phosphorylation sites on the mouse cardiac Nav1.5 a
subunit protein. Four and two phosphorylation site locations are possible at amino acids 36
to 42 and 524 to 525, respectively. With the exception of one residue located in the
cytoplasmic N-terminus (pS36, pT38, pS39 and/or pS42), all the phosphorylation sites
identified are clustered in the first intracellular linker loop.
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Figure5.

Comparison of MS-identified and predicted Nav1.5 a subunit phosphorylation sites. The /n
situ phosphorylation sites identified here are color-coded to show the frequencies of
representation in the predictions from five distinct algorithms (Scansite, Phosphosite,

NetPhos 2.0, DISPHOS and NetPhosK 1.0).
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pS36, pT38,
pS39 and/or pS42

N-terminus:

Navl.5 Mouse (1) ----MANFLLPRGTSSFRRFTRESLAAIEKRMAEKQARG
Navl.5 Rat (1) ----MANLLLPRGTSSFRRFTRESLAAIEKRMAEKQARG(
Navl.5 Human (1) ----MANFLLPRGTSSFRRFTRESLAAIEKRMAEKQARG
Navl.2 Rat MAE@/LVPPGPDSFRFFTRESLAAIEQRIAEEKAKR—P
Navl.l Rat -MEQTVLVPPGPDSFNFFTRESLAAIERRIAEEKAKN-P---KPDKKD
Navl.3 Mouse (1) MAQALLVPPGPESFRLFTRESLAAIEKRAAEEKAKK-P---KKEQ-D
Navl.7 Mouse (1) --—-——- MAMLPPPGPQSFVHFTKQSLALIEQRISEEKAKG-H---KDEKKD
Navl.4 Mouse (1) MASSSLPTLVPPGPHCLRPFTPESLAAIEQRAMEEEARL-Q---RN-KQM
Navl.6 Mouse (1) ---MAARLLAPPGPDSFKPFTPESLANIERRIAESKLKK-PPKAD
Navl.8 Mouse (1) ----MEFPFGSVGTTNFRRFTPESLAEIEKQIAAHRAAK--KGRP!
Navl.9 Mouse (1) -MEERYYPVIFPDERNFRPFTFDSLAAIEKRITIQKEKK------
pS457 pS460
Loop I:
pS483 pS484
Navl.5 Mouse (442) KKEHEALTIRGVDT EMSPLAPVTNHE —RRSKRRKR! TEDGGDDR
Navl.5 Rat (443) KKEHEALTIRGVDT EMSPLAPVTNHE -RKSKRRKR! TEDGGDDR
Navl.5 Human (442) KKEHEALTIRGVDT —=--RRSKRRK TEECGEDR
Navl.2 Rat (454) KKQQOEEAQAAAAAMSPHIR SE - - --SSSVASKLSSKSEKELKNRRKKKKQKEQAGEEEKE--DA
Navl.l Rat (452) KKQQE--AAQQAAAATAHS P@?EPSAAGR S| —SSSEASKLSSKSAKERRNRRKKRKQKE@GEEKDD—DE
Navl.3 Mouse (453) KKQQE-EAQAVAANSAASR —-SSSEASKLSSKSAKEWRNRRKKRRQREHLEGNHRPEGDR
Navl.7 Mouse (433) KKEQE--EAEVVFI ITNTKAKQVGQRIMG****SSSETSRLSSKSAKERRNRRKKKKQK*I@SEEKGDDEK
Navl.4 Mouse (470) KKHQEELEKAKAAQALEGGE -
Navl.6 Mouse (440) KKQQEEAQAAAMATISRGTVSEDAIEEEGEDGVGSPRSSSELSKLSSKSAKERRNRRKKRKQKE GEEKGDPEK
Navl.8 Mouse (425) QKEQEVLAALGIDTTS] A NGSPLAPKNANE--- RRPRV] MSEGSTDDN
Navl.9 Mouse (427) REEKEALVAMGIDRTSILNSELQASSFSP——=======———————————————————— K--KRK
pS497 p: pS510 pS524 and/or pS
Navl.5 Mouse (494) LPP'SEIDGPRALNQ LTHGLSRTSMRPH
Navl.5 Rat (495) LPHS| DGPRALNQ \ THGLSRTSMRPHYS| - GSEADFAD
Navl.5 Human (494) LP! DGPRAMNHIS|LTRGLSRTSMKPHS| - —----~ --GSEADFAD
Navl.2 Rat (523) VRHS| DSIRKKGFQFSLEGSRLTYEKRJBPHQSLLSIRGSLFSPRRNSRASLHSFKG--RVKDIGSENDFAD
Navl.l Rat (520) FHHSHSEDSIRRKGFRFSIEGNRLTYEKRYSSPHOSLLSIRGSLFSPRRNSRTSLESFRG--RAKDVGSENDFAD
Navl.3 Mouse SE|S] PHOSLLSIRGSLFSPRRNSKTSIFSFRG--RAKDVGSENDFAD
Navl.7 Mouse 1SS! SFKG--RGRDLGSETEFAD
Navl.4 Mouse  (490) ----------—--—------——————— =~ - ADG- - mmm——mmmm DP-THSK
Navl.6 Mouse MNQSLLSIPGSPFLSRHNSKSSIErRGPGRFRDPGSENEFAD
Navl.8 Mouse (474) RSLOSDPYNQRRMSFLGLSSGR-- ASHSSVFHFRAPS-—-------- QD----VSFPDGIL
Navl.9 Mouse (458) ----- FFGSKTRKSFFMR: - - ---GSKTARAS
Navl.5 Mouse (546) DENSTAGESESHRTSLLVPWPLRRHffrQ------- GQ-PGFGTSAPGHVLNGKRNSTVDCNGVVSLLGAGDAEAT

Navl.5 Rat (547) DENSTAGESESHRTSLLVPWPLRH '" -GQ-PGPGASAPGYVLNGKRNSTVDCNGVVSLLGAGDAEAT
Navl.5 Human (546) DENSTAGESESHHTSLLVPWPLRRTS] ——-GQ-PSPGTSAPGHALHGKKNSTVDCNGVVSLLGAGDPEAT
Navl.2 Rat (596) DEHSTFEDNDSRRISILFVPHRHGERRP- :@:VSQASRASRGI PTLPMNGKMHSAVDCNGVVSLVGGPSALTS
Navl.l Rat (593) DEHSTFEDNESRR FVPRRHGERRN---— LSQTSRSSRMLAGLPANGKMHSTVDCNGVVSLVGGPSVPTS

FVPHRPGERR: N N bt

S|
S|

Navl.7 Mouse (574) DEHSIFGDNESRR(

FVPHRPRERRS----ISQASRSP---PVLPVNGKMHSAVDCNGVVSLVDGPSALML

5
5
5
2
1
Navl.3 Mouse (596) DEHSTFEDSESRR]]
7
4
6
8
9

Navl.4 Mouse (500) DCNGSLDT ==GEKGP=====m= == e e e e e
Navl.6 Mouse (586) DEHSTVEESEGRRISLFIPIRARERRSSYSGYSYSQCSRSSRIFPSLRRSVKRNSTVDCNGVVSLIGPGS---~-
Navl.8 Mouse (521) DDGVFHGDQESRRY{SJILLGRGAGQAGPLP----=-=--==-= RSPLPQSPNPGPRRGEEGQRG=============
Navl.9 Mouse (479) ASDSEDDASKN-=-=======-— PQ-=——- e

pS664 pSE67

Navl.5 Mouse  (613) SPGS-HLLRPIVLDRPPDTTTPSEEPGGPQMLTPQAPCADGFEEPGARQRAIJVLTsALEELEEhRKCPP
Navl.5 Rat (614) SPGS-YLLRPMVLDRPPDTTTPSEEPGGPQMLTPQAPCADGFEEPGARQRAISRYSKLTSALEELEE{SHRKCPP
Navl.5 Human  (613) SPGS-HLLRPVMLEHPPDTTTPSEEPGGPQMLISPAPCVDGFEEPGARQRAISAVSILTSALEELEE{SRHKCPP
Navl.2 Rat (666) PVGQLL---=-=-====-=— PEGTTTETEIRKRR! HVSMDLLEDPS-RQRAMSMASI LTNTMEELEE-{SROKCPP
Navl.l Rat (663) PVGQLLPEVIIDKPATDDNGTTTETEMRKRR! HVSMDFLEDPSQRQRAMS[IASI LTNTVEELEE{SRQKCPP
Navl.3 Mouse  (625) ====m===mm=mmm——mmm GTTTETEVRKRR QISMEMLEDS SGRQRAMS|TASll LTNTMEELEE-{SROKCPP
Navl.7 Mouse  (641) PNGQ-----——----- LLPEGTTNQMRKKRL! FLSEDMLNDPHLRORAMSRAS LTNTVEELEE{SROKCPP
Navl.4 Mouse --PRPS e CSAESATSDAMEELEEAHQKCPP
Navl.6 Mouse  (657) ==-========= HIGRLLPEATTEVE IKKKGPAEJL.LVSMEQLASYGRKDRINSIMEvINTLVEELEHShRKCPP
Navl.8 Mouse  (571) —VPTGELATGAPEGPALDAAGQKNFLSADYLNEPFRAQRA MTSVIEELEE— LKCPP
Navl.9 Mouse LLEQTKRLSQNLPVELFDEHVDPLHRQRAI|SIYS|I LTI TMOEQEK{ShEPCFP

C-terminus:

Navl.5 Mouse (1925) KHASFLFRQQAGSSGLSDEDAPEREGLIAYMMNENFSRRSGPLSSSSISP
Navl.5 Rat (1924) KHASFLFRQQAGGSGLSDEDAPEREGLIAYMMNGNFSRRSAPLSSSSISE
Navl.5 Human (1922) KHASFLFRQQAG-SGLSEEDAPEREGLIAYVMSENFSRPLGPPSSSSISE
Navl.2 Rat (1926) KKV@IYKKDKG---KEDEGTPIKEDIITDKLNENSTPEKTD ST
Navl.l Rat (1936) KQASFTYNKNKL---KGGANLLVKEDMIIDRINENSITEKTD STAAC
Navl.3 Mouse (1873) KNISNTYDKETI---KGRIVLPIKGDMVIDKLNGNSTPEKTDGSSST I
Navl.7 Mouse (1899) YIKDG————DRDDDLPNKEDIVFDNVNENSSPEKTDPEAST S
Navl.4 Mouse (1742) KQASYMYRHSQE---GNGDGAPEKEGLLANTMNKMYGSEKEDNGVQSQGE
Navl.6 Mouse (1914) ICRKITSNKLE-------—————————————- NGGTHREKKE ST.
Navl.8 Mouse (1873) MLSNPLHVPRAEEDGVSLP----REGYVTFMANDNGGLPDKS SAT|S
Navl.9 Mouse (1734) LKLKGRSSSSLQVFCNGDLSSLDVPKIKVHCD-=========————————
Figure6.

Sequence alignment and conservation of phosphorylation sites across Nav channel
homologues and species. The multiple amino acid sequence alignment was constructed
using the ClustalW algorithm (from the Vector NT1 9.1.0 software, Invitrogen), and the
following NCBI Reference Sequences were used: NP_067519.2 for mouse Nav1.5,
NP_037257.1 for rat Nav1.5, NP_932173.1 for human Nav1.5, NP_036779.1 for rat Nav1.2,
NP_110502.1 for rat Nav1.1, NP_061202.3 for mouse Nav1.3, NP_061340.2 for mouse
Nav1.7, NP_573462.2 for mouse Navl1.4, NP_001070967.1 for mouse Nav1.6,
NP_001192250.1 for mouse Nav1.8, and NP_036017.3 for mouse Nav1.9. Alignment
results of portions of the N-terminus, loop | (interdomain I-11) and the C-terminus are shown
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only. The native mouse cardiac Nav1.5 phosphorylation sites identified in the present study
are highlighted in red, and compared directly with the native phosphorylation sites identified
on the rat brain Nav1.2 (and Nav1.1) proteins!3 (in blue). The conservation of serines and
threonines identified as /n situ phosphorylation sites in the two studies is presented in boxes.
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Table 1

Proteins identified in immunoprecipitated cardiac Nav channel complexes using LC-MS/MS?

Protein Numbersof % Amino acid
peptides: sequence
unique (total) coverage
Nav1.5 86 (298) 25%
Nav1.4 10 (31) 8%
Nav1.3 3(13) 4%
Nav1.7 1(6) 2%
Calmodulin 8(27) 27%
CamKlI& 24 (67) 35%
CamKIIp 6 (55) 22%
CamKlly 9 (47) 25%
FGF13 1(1) 6%

1 . . . . . .
The numbers of unique peptides, as well as the total numbers of peptides and the percent (%) amino acid sequence coverage, for each protein are
presented. Scaffold peptide and protein probability scores were greater than 95%. None of the proteins listed were identified in the control

immunoprecipitations. Abbreviations: Nav, voltage-gated Na™ channel; LC-MS/MS, Liquid Chromatography-tandem Mass Spectrometry;
CamKll, Ca2+/CaIm0duIin-dependent protein Kinase Il; FGF13, Fibroblast Growth Factor 13.
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