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Abstract

Connexind3 (Cx43) is a major cardiac gap junction channel protein required for normal electrical
and contractile activity. Gap junction channel assembly, function and turnover are regulated by
phosphorylation under both normal and disease conditions. The carboxyl terminus (CT) of Cx43
contains numerous amino acid residues that are phosphorylated by protein kinases. However, our
knowledge of the specific residues and kinases involved is incomplete. The objective of this study
was to identify amino acid residues in the Cx43-CT that are targets of the multi-functional protein
kinase, Ca2*/calmodulin protein kinase Il (CaMKIl), an enzyme known to play critical roles in
Ca?* homeostasis, transcription, apoptosis and ischemic heart disease. We subjected fusion protein
containing the Cx43-CT to phosphorylation by CaMKII in vitro, digestion with Lys-C and trypsin
followed by enrichment for phosphorylated peptides using TiO,, and analysis inan LTQ XL
Orbitrap with collision-induced dissociation and electron transfer dissociation. We deduced the
sites of modification by interpreting tandem spectra from these “orthogonal” methods of gas phase
peptide fragmentation. We have identified 15 serine residues, including one novel site, in the
Cx43-CT that are phosphorylated by CaMKI|, the activity of which may be important in
regulating Cx43 in normal and diseased hearts.
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Introduction

Cardiovascular gap junctions are large specialized aggregates of intercellular channels
responsible for cell-to-cell communication.! Gap junction channels are formed by 2 docking
hemichannels, each composed of 6 connexin subunits. Five different connexins are
expressed in cardiac muscle and vasculature.1=3 Connexin43 (Cx43) is the predominant
connexin expressed in working myocardium.2 Cx43 is not only responsible for electrical
propagation throughout the chamber walls, and thus for normal electrical activation and
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subsequent ventricular contraction, but it is also a critical determinant of abnormal
propagation, contractile dysfunction and arrhythmia secondary to pathophysiological
remodeling during disease states.*>

The expression, trafficking, distribution, turnover, permeability and gating of Cx43 are
regulated primarily by phosphorylation.8:” Eighteen serine residues in the carboxyl terminal
tail of Cx43 have been reported as sites of protein phosphorylation,8:8-10 the majority of
which have been identified as targets of a variety of kinases including mitogen-activated
protein kinase (MAPK), protein kinase C (PKC), cyclin-dependent kinase p34¢dc2, casein
kinase (CK) and protein kinase A (PKA).8 Interestingly, during myocardial ischemia, a
complex time-dependent pattern of both phosphorylation and dephosphorylation of four
serine residues in the carboxyl terminus of Cx43 occurs. Specifically, S306 is
dephosphorylated and S330 is phosphorylated early after ischemia; subsequently, S297 and
S368 are dephosphorylated during the critical time when gap junction uncoupling occurs.8
Finally, S330 is also dephosphorylated during the later stages of ischemia.®
Correspondingly, Lampe et al. have observed an 8-fold reduction in phosphorylated
(p)S325/5328/S330 in ischemic tissue.1!

Details pertaining to the phosphorylation and dephosphorylation of the 18 serine residues in
the carboxyl terminus of Cx43 are incomplete and, at times, contradictory. For example,
phosphorylation of S368, the most widely studied phosphorylated residue, has been
associated with reduced gap junction intercellular communication via a PKC-dependent
mechanism in epithelial cells and fibroblasts;12 however, changes in gap junctional
conductance in response to PKC activation depend, among other factors, on cell type and the
state of phosphorylation of Cx43. Furthermore, the exact role of phosphorylation of S368 in
ischemia and ischemic preconditioning is not clear because conflicting results have been
reported. 8:13-16 Studies on alterations in the phosphorylation state of different amino acid
residues may, in part, be limited by the availability, affinity and specificity of commercial
antibodies directed toward phosphorylated residues in Cx43. Fortunately, recent advances in
mass spectrometric analyses have contributed substantially to an improved ability to identify
the modified amino acid residues in phosphorylated peptides.1”

The purpose of the present study was to apply high-resolution tandem mass spectrometry to
the carboxyl terminus of Cx43 to identify targets of the multifunctional protein kinase, Ca2*/
calmodulin-dependent protein kinase 11 (CaMKI1).18 CaMKII plays a central role in
regulating a variety of cellular functions in the heart such as Ca2* homeostasis, transcription
and apoptosis.1819 In addition, increased expression and/or activation of CaMKII have been
shown to occur in cardiac disease states such as hypertrophy, heart failure, myocardial
ischemia and infarction, and are thought to promote disease pathogenesis.20-24 Recently, we
have found that CaMKII colocalizes with Cx43 at intercellular junctions in the infarct border
zone.2> However, Cx43 has never, to our knowledge, been shown to be a target of CaMKII.
De Pina-Benabou et al.26 hypothesized that CaMKII phosphorylation of the carboxyl
terminus of Cx43 was the mechanism by which K* produced an increase in coupling
between spinal cord astrocytes, and they predicted four serine residues that could be
potential phosphorylation targets for CaMKII based on the consensus sequence RXXSX.
Although Cx43 has not been shown to be a substrate for CaMKI|, this enzyme has been
shown to phosphorylate Cx3227 in hepatocytes and Cx3628 in neurons. However, the
specific CaMKII phosphorylation sites have not been identified in Cx32, and the
phosphorylation sites identified in Cx36 do not share homology with Cx43.

The current study, therefore, was performed to test the hypothesis that the carboxyl terminus
of Cx43 is subject to phosphorylation by CaMKII. We found that CaMKII phosphorylates a
variety of reported residues, and one novel serine residue, in the carboxyl terminus of Cx43
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in vitro. These results suggest that Cx43 may be a substrate for CaMKII in vivo. The data
will be discussed in the context of remodeling of Cx43 during the pathogenesis of chronic
ischemic heart disease.

Materials and Methods

Cx43 Fusion Protein

A DNA construct coding for a fusion protein containing amino acids 237-382 of the
carboxyl terminus (CT) of rat Cx43 (G1:6978896) subcloned in frame with GST in
PGEX-2T (GST-Cx43-CT, MW 42,122 g/mol) was grown in BL21-CodonPlus competent
cells (Stratagene/Agilent Technologies, Santa Clara, CA). The fusion protein was purified
using a B-PER GST Fusion Protein Purification Kit (Pierce/Thermo Scientific, Rockford,
IL) and subsequently dialyzed against Tris-buffered saline for 48 hr. The sequence of the
fusion protein was confirmed at the Washington University Protein and Nucleic Acid
Chemistry Laboratories. The amino acid sequence of the Cx43-CT present in the fusion
protein is shown in bold in Figure 1.

In vitro Phosphorylation of GST-Cx43-CT by CaMKI|

GST-Cx43-CT fusion protein was subjected to in vitro phosphorylation using CaMKII (New
England Biolabs, Ipswich, MA) per the manufacturer’s instructions. Briefly, GST-Cx43-CT
fusion protein (1-8 pg) was incubated with 1.2 pmol/L calmodulin, 2 mmol/L CaCly, 210
umol/L ATP and 1,500 U CaMKIlI in a final volume of 10.5 pL at 30°C for 24 h, after which
the reaction was stopped on ice and phosphatase inhibitors were added to a final
concentration of 1 mmol/L NaF and 2 mmol/L Na3VO,. Control reactions contained fusion
protein, calmodulin, CaCl,, ATP and buffer, but no CaMKII. In one experiment we used
CK1 (New England Biolabs, 1,500 U, 24 h) per the manufacturer’s instructions to test a
protein kinase known to phosphorylate the Cx43-CT.11

Immunoprecipitation

Mouse ventricles flash-frozen in liquid N, were pulverized and homogenized in lysis buffer
containing 1.5% NP-40 (Surfact-Amps NP-40, Pierce) in phosphate-buffered saline (PBS,
Diamedix), rotating for 30 min at 4°C.

Monoclonal anti-Cx43 (50 pg, Millipore/Chemicon) or mouse IgG (50 ug, Santa Cruz,
negative control) antibody was crosslinked to 200 pL of protein G-bound magnetic
Dynabeads (Invitrogen) using dimethyl pimelimidate (DMP, Pierce) and triethanolamine
(Sigma) in silanized (10% dimethyldichlorosilyl, P.J. Cobert) tubes. The crosslinked beads
were washed in PBS, citrate buffer (pH 5.0), sodium phosphate buffer (pH 8.1), sodium
deoxycholate (0.5%) and Tween-20 (0.1%). Each set of antibody-crosslinked beads was
incubated with protein from the right and left ventricles of one mouse heart, NaF (1 mM),
NazVOj3 (2 mM) and protease inhibitor cocktail (1:100, Sigma) for 2 h at 4°C on a rotator.
Immunoprecipitated protein was eluted with Rapigest (1.7%, Waters) and 8 M urea in 100
mM Tris buffer (pH 8.5) at 60°C for 5 min; the elution was repeated and the two volumes
were combined. The eluent was dialyzed (Slide-A-Lyzer, Thermo) against 1 L of water for 2
h at 4°C followed by dialysis against 1 L of water overnight at 4°C.

Phosphopeptide Clean-up and Enrichment

In vitro phosphorylated GST-Cx43-CT fusion protein or immunoprecipitated full-length
native Cx43 was precipitated using a 2-D Clean-Up Kit (GE Healthcare Waukesha, WI) and
resolubilized in 20 puL of 8 M urea in 100 mM Tris, pH 8.5. Proteins were then reduced with
10 mM Tris(2-carboxyethyl)phosphine (TCEP, Thermo Fisher, Rockford, IL) at 25°C for 30
min followed by alkylation with 20 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO) at
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25°C for 30 min in the dark and quenched with 10 mM dithiothreitol (DTT, Thermo Fisher)
at 25°C for 15 min. The proteins were digested with 1 pug endoproteinase Lys-C (Roche,
Mannheim, Germany) at 37°C overnight, diluted 1:4 with 100 mM Tris pH 8.5, and further
digested with 1 pg trypsin (Sigma-Aldrich) in 1 mM triethylammonium bicarbonate, pH 8.5
(TEAB, Sigma-Aldrich) at 37°C overnight. The peptide solutions were acidified with 2%
trifluoroacetic acid (TFA) (Sigma-Aldrich). Phosphopeptide samples were enriched using
TiO, tips (Glygen, Columbia, MD) that were equilibrated in 0.1% TFA before drawing each
sample onto the media. Tips were washed with 100 mM glutamic acid at pH 2.0 and the
bound peptides eluted with 1.5% ammonium hydroxide. The eluates were desalted using
carbon NuTips (Glygen), lyophilized, and resuspended in 20 mL of 1% formic acid and 1%
acetonitrile.

To verify the activity of CaMKI| in vitro, 1.5 pg of autocamtide (KKALHRQETVDAL,
Calbiochem/EMD Chemicals, Gibbstown, NJ) was incubated with CaMKI|I for 24 h as
described above to produce phospho-autocamtide (KKALHRQEpTVDAL). Commercially
available phospho-autocamtide (AnaSpec, Fremont, CA) was run as a positive control.

Mass spectrometry

Autocamtide phosphorylation was verified using matrix-assisted laser desorption ionization
(MALDI). Peptide solution was mixed 1:1 with a-cyano-4-hydroxycinnamic acid (CHCA,
Sigma-Aldrich). For MALDI analyses using an ABI 4700 Proteomics Analyzer (Applied
Biosystems, Framingham, MA) equipped with an Nd:YAG laser (355 nm, 3 to 7 ns pulses),
the instrument was operated in reflector, positive-ion mode with an acceleration voltage of
20 kV. Spectra were averaged from 1000 laser shots at 200 Hz for each spot.

For analysis with a Thermo LTQ Orbitrap XL with electron transfer dissociation (ETD) and/
or collision-induced dissociation (CID) (Thermo Fisher, San Jose, CA), samples were
loaded and eluted using an autosampler and an Ultra 1D+ UPLC (Eksigent, Dublin, CA).
The 75 um diameter columns were pulled (Sutter Instruments, Novato, CA) and a 12-cm
length was packed with Magic C18AQ reverse phase media (Michrom Bioresources,
Auburn, CA).2° Columns were mounted in a Pico View nanospray source (New Objective,
Woburn, MA) and eluted with a 60 min gradient from 2% — 60% acetonitrile with 0.1%
formic acid. Fluoranthene anion was used for ETD.30 One full mass spectrometry
acquisition was used to trigger 3 alternating scans each of CID and ETD. The Orbitrap
parameters were: spray voltage, 2.0 kV; capillary temperature, 200°C; tandem mass
spectrometry (MS2) selection threshold, 1000 counts; activation g, 0.25; activation time, 30
ms for CID and 100 ms for ETD. For ETD, isolation width was 3.0 m/z and reaction time
was set as charge state dependent. Supplemental activation was enabled. MS2 data were
centroided during acquisition.

For analysis with an LTQ-FT Ultra (Thermo Fisher, San Jose, CA), samples were loaded
onto a C18-75 um diameter column using a NanoLC-1D (Eksigent). They were eluted with
a 180 min analytical gradient from 2% — 50% acetonitrile containing 0.1% formic acid at
260 nL/min. The solution was sprayed into the mass spectrometer using a Pico View
nanospray source (New Objective). One full MS acquisition was used to trigger 8 CID
scans. The FT parameters were: spray voltage, 2.0 kV; capillary temperature, 200°C; MS2
selection threshold, 500 counts; activation g, 0.25; activation time, 30 ms. MS2 data were
centroided during acquisition.

Alpha and beta casein (Sigma-Aldrich) and/or bovine serum albumin (BSA, Michrom
Bioresources) were analyzed as controls in each experiment. In addition, casein was used to
determine the optimal amount of protein to be used for detection of phosphopeptides.
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Tryptic peptides from immunoprecipitated full-length native Cx43 were analyzed as above
with the following exceptions. A 180 min gradient from 2% — 60% acetonitrile with 0.1%
formic acid was used for separation. Both data dependent (discovery) and data-directed
(inclusion list) methods were used to acquire mass spectra on the Thermo LTQ Orbitrap XL
with ETD and CID.31 Parent mass lists for the directed experiment were created for all
doubly, triply and quadruply charged ions corresponding to phosphopeptides identified in in
vitro experiments.

Mascot database search and determination of phosphorylation sites

Thermo RAW files were processed using extract_msn (2007 version 4.0, Thermo Fisher,
San Jose, CA) with a grouping tolerance of 0.8 Da, an intermediate scan setting of 1, and a
minimum of 1 scan per group. The NCBI nonredundant database (version 20090105,
restricted to mammals) was searched using MASCOT 2.2.06 (Matrix Science, Oxford, U.K.)
with the following settings: enzyme, trypsin; MS tolerance, 10 ppm; MS/MS tolerance, 0.6
Da; maximum number of missed cleavages, 3; peptide charge of 1+, 2+ and 3+; variable
modifications were carbamidomethylation of C, oxidation of M, phosphorylation of Y, T,
and S, and deamidation of N-terminal Q to E. All identifications of phosphopetides were
manually analyzed as described below.

Tryptic peptides containing S, T, or Y, including those with up to 3 missed cleavages, were
predicted by in silico digestion (Protein Prospector MS-Digest, prospector.ucsf.edu).
Theoretical MS2 spectra were generated (Protein Prospector MS-Product,
prospector.ucsf.edu) for phosphopeptides that were identified in the Mascot search. When
there were multiple possibilities for phosphorylation (e.g., more thanone S, T,or Y ina
singly-phosphorylated peptide, or more than two S, T, or Y in a doubly-phosphorylated
peptide) a table of ions was made for each possible phosphopeptide. The product ion
spectrum was manually compared to each table and the best match was identified. In cases
where the elution profiles of phosphopeptides overlapped, they were separated using
extracted ion chromatograms for diagnostic product ions. Tables for each identified
phosphopeptide are included in the Supporting Information.

Results and Discussion

The amino acid sequence of carboxyl terminal domains varies widely across connexins and
is thought to confer specific properties to the channels composed of different connexin
subtypes.32 The Cx43-CT is a structurally disordered domain that fits the paradigm of an
intrinsically flexible three-dimensional structure that provides for important cell signaling
and regulatory activity.3334 It has been shown that this region is involved in intra- and
intermolecular interactions.3>:36 |ts post-translational modification by phosphorylation is
involved in regulation of protein structure, subcellular distribution and function.6-811-16
Seventeen serine and two tyrosine residues in the Cx43-CT have been shown to be targets of
various protein kinases under control, stimulated and pathological conditions, but
phosphorylation of the Cx43-CT and identification of the modified amino acid residues by
CaMKII have not been reported.

To identify sites of CaMKII phosphorylation in the Cx43-CT under controlled conditions in
vitro, we first optimized the amount of fusion protein required for recovery of
phosphopeptides and identification of phosphorylated amino acid residues using casein, a
known phosphoprotein, at 3 different concentrations: 0.3 ug/20 pL, 1 ug/20 pL and 3 ug/20
uL. We identified 10 phosphorylation sites in casein (Figure S1, Supporting Information),
and determined that 3 pg casein in 20 pL reaction volume yielded the best results.
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To validate the in vitro conditions used for the CaMKII reactions, we incubated a peptide
containing the threonine autophosphorylation site of CaMKII, nonphosphorylated
autocamtide (KKALHRQETVDAL), with CaMKII in the presence of ATP, Ca2* and
calmodulin as described in Materials and Methods. We used nonphosphorylated autocamtide
in the absence of CaMKII as a negative control, and phospho-autocamtide
(KKALHRQEpPTVDAL) as a positive control. The spectrum obtained from autocamtide
subjected to in vitro phosphorylation demonstrated a phosphopeptide that was identical to
that observed from phospho-autocamtide obtained from AnaSpec (Figure S2, Supporting
Information). No phosphopeptide was detected in the reaction performed in the absence of
CaMKII.

We next incubated GST-Cx43-CT fusion protein with CaMKII and subjected the reaction
products to enzymatic digestion with Lys-C followed by trypsin and mass spectrometric
analysis to identify the amino acid residues phosphorylated by CaMKII. Tandem mass
spectrometry yielded 98% coverage of the Cx43-CT (Figure 1). Coverage was comparable
for results obtained using CID and ETD; however, two phosphorylation sites were identified
by ETD alone (see below). This is not surprising because ETD-derived alternative
fragmentation patterns that complement CID-derived data have been reported previously.3’
The sequence corresponding to amino acid residues 259-293, none of which was
phosphorylated, was identified in only one of the experiments, possibly because we used
TiO, to enrich for phosphopeptides.38 The lack of phosphorylated residues observed in this
sequence agrees with previous reports that S262, S279 and S282 are targets of protein
kinases other than CaMK1.3940

Four independent phosphorylation experiments were performed followed by digestion and
tandem mass spectrometry. These data sets are presented in Table S1 (Supporting
Information). No serine residues were phosphorylated in the negative control samples that
were incubated in the presence of Ca2*, calmodulin and ATP, but in the absence of CaMKII
(Figure 2, Table S1 in Supporting Information). Amino acid residues in Cx43-CT that were
identified as being phosphorylated by CaMKII are reported in Table 1, and the diagnostic
ions for these identifications are listed in Table 2. Several interesting observations can be
made from these data.

One previously identified phosphorylation site, S306, was identified in each of the 4
experiments (Figure 2, Table S2 in Supporting Information). This serine is dephosphorylated
in response to global ischemia in Langendorff perfused rat hearts.8 Dephosphorylation of
S306 has recently been shown to contribute to reduced coupling.*! CaMKII and other
protein kinases were tested by Axelsen et al.8 in in vitro phosphorylation assays using
synthetic peptides containing this site; however, they could not identify the kinase(s)
responsible for this phosphorylation. The discrepancy between their results and ours is likely
due to their use of a short peptide containing amino acid residues 291-313 (with cysteine
298 substituted with an alanine)8 instead of a protein containing the full length of the
carboxyl terminus of Cx43 as substrate for the CaMKI|I in vitro phosphorylation reaction.
We can only speculate that the presence of C298 or a more extensive surrounding sequence
may allow the protein to adopt a conformation required for phosphorylation of S306 by
CaMKII.

Another substrate for CaMKII was the previously identified serine residue at position 330
(Figure 3, Table S3 in Supporting Information). S330 is one of three serine residues (S325/
$328/S330) that have been shown by Lampe et al.1! to be phosphorylated in Cx43 localized
at intercalated disks, and that are involved in the electrophoretic mobility shift of Cx43 to
the slowest migrating phosphorylated form (P2) in immunoblots.” S330 is phosphorylated
after 7 min of global ischemia, and subsequently dephosphorylated between 30 and 45 min
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of ischemia.8 Cooper and Lampe found that S325/5328/S330 are phosphorylated by CK1.42
Interestingly, we observed phosphorylation of S325/S328/S330 by CaMKII (Figure 3 and
Figure S3 in Supporting Information), but not by CK1. While we could not detect
phosphorylation of S325/S328/S330 by CK1, we found that this kinase phosphorylated S306
(Figure S4, Supporting Information) and S296 (not shown). Additional studies will be
required to determine whether CaMKII and CK1 compete for target sites on Cx43 in vivo.
One example in which these two kinases share target sites is in the Alzheimer’s disease
protein, tau.43-46

Importantly, we found one novel serine phosphorylation site that has not been reported
previously, S244, and a second site, S314, that has recently been described in mouse brain
synaptosomal preparations® and human embryonic stem cells1? (Table 1 and Table S1 in
Supporting Information). The spectra identifying these residues are shown in Figures 4 and
5 and Tables S4 and S5 in Supporting Information, respectively. We also identified S257,
S296 and S297 (Figures S5 and S6 and Tables S4 and S6 in Supporting Information), which
have not been linked previously to a specific kinase, as phosphorylation sites for CaMKI|.
Moreover, phosphorylation of S255, S364, S365, S369, S372 and S373 (Figures S5, S7 and
S8 and Tables S4, S7 and S8 in Supporting Information) which has been reported previously
to be directly or indirectly associated with other protein kinases was also identified in the
GST-Cx43-CT fusion protein after in vitro phosphorylation by CaMKII.

In summary, we identified a total of 15 putative serine phosphorylation sites for CaMKI|I in
the carboxyl terminus of Cx43, bringing the total number of reported phosphorylation sites
in the carboxyl terminus of Cx43 to 21 (19 Ser and 2 Tyr). Interestingly, two of these sites,
S328 and S369, were identified by ETD alone. In each case, the phosphorylated serine was
part of a multiply phosphorylated peptide fragment that was not identified by CID. This is
an example in which combined use of CID and ETD as complementary fragmentation
techniques provides enhanced identification of post-translationally modified amino acid
residues. Because no phosphopeptides were identified in the control, CaMKII-free reactions
(Figures 2-5 and Figures S3 and S5-S8 in Supporting Information), it is unlikely that
phosphorylation of these residues was non-enzymatic or nonspecific.

In one experiment, we identified phosphorylation of S306, S372 and S373 in full-length
native Cx43 immunoprecipitated from murine ventricular myocardium (Figures S9 and S10
and Tables S9-S11). Additional studies will be required to determine whether the serine
residues in Cx43-CT identified in the present study, both in vitro and in vivo, are
phosphorylated by CaMKII in vivo. Our data suggest that some residues may be targets for
multiple protein kinases, implying that modulation of gap junction assembly and/or
intercellular communication may depend on the combined levels of activity of the different
protein kinases under different pathophysiological conditions. It also remains to be
determined not only which protein kinase pathways are activated in the initial phases of
ischemic injury that result in phosphorylation of Cx43, but also which pathways are
activated subsequently that lead to dephosphorylation of Cx43 during ischemia and
subsequent rephosphorylation in post-ischemic tissue.

Conclusions and Limitations

Mass spectrometry is a powerful technique that has allowed for identification of several
phosphorylation sites, including a novel site at S244, that are targets of an important,
biologically relevant protein kinase, CaMKII. In the present study, we identified four
putative CaMKII serine phosphorylation sites (S296, S365, S369 and S373) that had been
postulated by Payne et al.#” and confirmed by Pearson et al.*8 as CaMKII phosphorylation
sites based on an RXXS consensus sequence. Two CaMKI|I sites identified in our study
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(S244 and S306) conform to a KXXS sequence, which is also a consensus sequence for
PKC.49 Utilization of ETD may enhance identification of phosphopeptides, particularly
when multiple potential phosphorylation sites are present in a given peptide. It should be
noted that conditions were used in the present study to drive the phosphorylation reaction to
completion, and that steady state phosphorylation of Cx43 by CaMKII was not meant to
represent transient signaling activity of CaMKII. Thus, residues observed to be
phosphorylated in the present study exist in different structural environments and are not
likely to be phosphorylated by CaMKI|I in vivo under the same physiological or
pathophysiological condition or time frame. Finally, because CaMKII activity levels exhibit
dynamic changes during acute and chronic ischemia, the mass spectrometric analyses
performed in our study should be applied to full-length protein isolated from native cardiac
tissue subjected to various pathophysiological conditions to elucidate whether and to what
extent CaMKI|I regulates the phosphorylation state of Cx43 in diseased myocardium. For
example, analysis of Cx43 extracted from CaMKI|I transgenic mice subjected to myocardial
infarction®® would reveal how activation and inhibition of CaMKII influences
phosphorylation of Cx43 associated with cardiac dysfunction or arrhythmogenesis during
myocardial ischemia in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Gap junctions are critical membrane specializations that contain clusters of intercellular
channels required for normal cardiac electrical and contractile activity. The present report
identifies 15 serine residues, including one novel site, in the gap junction channel protein
connexin43 that are phosphorylated by CaMKII in vitro, suggesting that similar to other
protein kinases, CaMKII may phosphorylate, and thereby regulate, connexin43.
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KDRV
241 KGRSDPYHAT TGPLSPSKDC GSPKYAYFNG CSSPTAPLSP MSPPGYKLVT GDRNNSSCRN
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361 QRPSSRASSR ASSRPRPDDL EI

Figure 1.

Tandem mass spectrometric coverage of Cx43-CT. The N-terminal, transmembrane,
extracellular loop and intracellular loop domains of the protein are indicated in grey. The
amino acids of the Cx43-CT present in the fusion protein used in this study are indicated in
bold black or red (98% coverage). Amino acids in red were positively identified by tandem
mass spectrometry. The 15 serine residues underscored and highlighted in yellow were
phosphorylated by CaMKII in vitro.
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Figure 2.

CaMKII phosphorylation of Cx43-CT at S306. (A) Extracted chromatogram of m/z
988.3930-988.3990. (B) MS spectrum of m/z 988.4019 represents doubly charged peptide

QASEQNWANYSAEQNR (one phosphorylation site). (C) CI
phosphorylation on S306. (D) Extracted chromatogram of m/z

D MS2 spectrum indicates
659.2617-659.2717. (E) MS

spectrum of m/z 659.2708 represents triply charged peptide QASEQNWANY SAEQNR (one
phosphorylation site). (F) ETD MS2 spectrum indicates phosphorylation on S306. See
Supplemental Table S2 for complete list of theoretical (ProteinProspector) and observed

fragment ions.
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CaMKII phosphorylation of Cx43-CT at S330. (A) Extracted chromatogram of m/z
953.7332-953.7428. (B) MS spectrum of m/z 953.7358 represents triply charged peptide
MGQAGSTISNSHAQPFDFPDDNQNAK (one phosphorylation site, two deamidated sites).
(C) CID MS2 spectrum indicates phosphorylation on S330. (D) ETD MS2 spectrum
indicates phosphorylation on S330. See Supplemental Table S3 for complete list of
theoretical (ProteinProspector) and observed fragment ions.
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Supplemental Table S4 for complete list of theoretical (ProteinProspector) and observed
fragment ions.

RT:44.66

b4
398.25

433.66, 11

8.94
bs2 112 o .
b9z \fod, 8
/ 634.

400

8.34 25

3 b3
y:
2
31.28 vé
b3
283.20 384.2

Negative control

585.19
[M-H;PO,+3H]2*

579.22

b4 20 b0
b8 496.14)5021" 6

500 600
617.94
[M+3H]

877.31

c16 2+
861.31

6175806

617.2814 6174499

617.95%

6182877

6186223

617.9096 tn9sss
6182269 6185235 | 6187756 6191849

6172 6774 6176 6178 6180 6182 6184 6186 6188 6190 6192
mz

y132+
678.51

132

9.61  b*13%*

b13%

c7

~

z10
942.25

Z16+2 2+

c122
669.28
216 2+

y7
(122 68p.37

S244 CID

I I

b4z
y62
b7
bH6% 10
. y9 Y
o142 887 958.43

y
786.45 "9 ¥

b162* | b162*
y*10
75p126 b 940.51 yi
¥'8 7B5.3Q | b 1025.56 14095.45
Il 1132 18

800 900 1000 1100

S244 ETD

SR

c13
1450.59

z16+1
1183.50 214

z11+1

1080.57

c8
981.47

1000
m/z

c16°

c12 1722,

/c9 1337.29
212 215

1242.53 1621.53
1590.55

1200 1400 1600

J Proteome Res. Author manuscript; available in PMC 2012 March 4.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Huang et al.

A

RT:0.00-82.03
700000

90
80
70
60
50

40

Relative Abundance

30

20

100

90

80

70

60

50

Relative Abundance

40

30

20

Figure 5.

Page 17
B.
RT:2073 CAMKII present %
w0
—
| iw
Negative control fo il
©
»
w0220
o
. 6606068 g0 9391 6615558 0617930
" 2 B w w W 7 oshs wsho wns o0 w05 o sors
Time (miny l o~
y*, b* =[y,b]-H,0 [M‘%ﬁag&fm]l'
¥ b= [y.bI-NH, 620.90
y.b=1[y,b]-H;PO, $314 CID
[M-H,PO, -NH,+3HJ**
e S
y8* v4 ¥6
2 784.20
yg bl y142»
3 s [[°22 v 132
¥ 596.83 . v |
41717 A\ bs 5y b7 b8 8
2 . ¥8 b*10
y7* 47407 y9? ??32 o61.20
v - yi1z shah7 y7 b9
” 399.63 31 " yavwe 85 901 04726 yg
289.20 y7 96349 113222 | b0
384.50 | o 192.60
300 400 500 600 700 800 900 1000 1100 1200
miz
659.42
[M+3H]*
AR fppfiei
966.58
a ° 3 21541
1.
e 93163 [950.14 c12+1 214
c5 ) o
c6 7 29 210 212 c14+1 1961.59
o4 25 861.50 1416.25 130004 | L] 154442 287056 1963
c2 433.45 |OP145 769.71 28 10 Tk 44 673.48
217.22 :
200 400 600 800 1000 1200 1400 1600 1800
m/z

CaMKII phosphorylation of Cx43-CT at S314. (A) Extracted chromatogram of m/z
659.2613-659.2717. (B) MS spectrum of m/z 659.2708 represents triply charged peptide
QASEQNWANYSAEQNR (one phosphorylation site). (C) CID MS2 spectrum indicates
phosphorylation on S314. (D) ETD MS2 spectrum indicates phosphorylation on S314. See
Supplemental Table S5 for complete list of theoretical (ProteinProspector) and observed
fragment ions.

J Proteome Res. Author manuscript; available in PMC 2012 March 4.



Page 18

Huang et al.

(2002) gg'1e19 yeus ¢
‘(2002) vagEmn_ pue Jadoo) |

: ‘eI |Ug
(6002) gyl g’

(2002) 'Ie 10 UOWNIN ¢

: ‘[e 18 BpI20Ud ¢
(6002) gy 1212 BPI0IG

{(€002) z¢'1® 19 113m0D .

£(9002) 'Ie 18 UBS|aXY *
(9002) g'I 1%

/(866T) 1 'I2 10 adwe 0

(866T) o'[® 10 NSHWBUERY *
(8667) gl q

'(966T) (yy'I2 30 Jowei0-wiem '

0€-E-T 03 BUIPUIG £KXD DI U0 193442 ON oPIV {1eVId o'l'p (e) eLes
cmc__%oU |B211308]8 paulelure|N uod u'‘p (€) zLes
DI U0 108448 ON ARL 1'p (2) 69€S
Wwlo} Td 416 T wouy uonosiold AR Wl (1) s9¢S
v_>_gEommm 9 pPasueyUa-dNV2 §[Vd PR (€) ¥9gS
U0} Zd ‘uoneunio) uonounl deg 12 1'p (2) oges/(e) 8zes/(€) sees

. - y'‘b (2) v1es
jBuridnoo paurelurey ¢ 1'p () 90€s
12 ¢ p (2) L62S
12 12 p (€) 9628
12 ¢ p (e) 2G2S
Ld 1 2'q zopoVEL/E UIIOAD MV IN po‘qre (€) ss52s
¢ - a)1s panodaiun ‘[aA0N (e) vvzs

aj0y UOI1RID0SSY 9SeUlY| SNOINSld  [9AON 40 paysiignd (s1dxa Jo #) ausoydsoyd

"3|qe|I_AR 218UM UOIELIIOJUI 3seuly paysiignd Ajsnoinaid yum [1MINeD Aq parejAioydsoyd | J-E7XD Ul SanpIsal aulIas
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2012 March 4.



Page 19

Huang et al.

Aujigqeqoud uado jpuueyd uonaunl deb = 04 :(,002) gg 1210 Mied,
(L66T) ;g'Ie 19 ZoES u

(£002) gg'Ie 19 UelOS u

:(2002) cc'le 10 0BOA

( ) gg |

(1002) ¢ 'le 39 >fo01gUaL *

NIH-PA Author Manuscript

A

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2012 March 4.



Page 20

Huang et al.

YOdEH 40 sso ®
VIT4Z E747 ‘01747 6T+2 10 ‘9 VIN 0g VIN €L€S '69€S 9¢8'ST6T  6T8'ST6T € 28€-19¢ 137aAdYdYSSYHSSY
VIN 01K ‘6K VIN 14 €1€S TVOvEYT  0S9'VEVT 14 28e-TLE 131aAadYdySSY
1z 101z 19 'S VIN 9 VIN 2LES 1S8'GE8T  €G8'GEST € 28€-19¢ 131aAdYdYSSYHSSY
VIN K0T A VIN 74 2LES TYOVEYT  0S9VEVT 4 78e-T.€ 13700dYdESSY
VIN A VIN 44 GOES L0T'€Zee  9TT'€Cee € 99€-L1€ USSAHOAAIVTdOTIHOVVA
€747 2T+7 81740 LTT40 AR Geg vz ¥9€S 20T'€zee  9TIT'ETee € 99€-.¥€ YSSdYOAAIVIdOTIHOVVA
91z ‘STz 1710 0Ty VIN 09 VIN 0€€es 88T'/G82  S9T',S82 € Sve-02¢ MNVNO(parepiwead)NAAd4d4dOVHSNSILSOVOON
VIN 9K *STA VIN € 0€€eS 6v1'8582  991'858¢ € Gre-02€  MVYNONAAd4Aadd(parepiuead)OvHS(parepiead)NSI LSOVOON
81,02'1712:60 % VIN 65 VN 82€S 161°9582  18T'9582 3 Sve-0ze MVYNONAAd4d4dOVHSNSILSOVOOIN
9 'Sy T2, A0, K19 55 6€ Gzes ¥61'9987 1819982 € Gve-02€ MVYNONAAd4A4dOVHSNSILSOVOON
1o 0Ty 9K 5K 101q a8 514 v1eS 28L'VL6T  98L'7L6T € 6TE-Y0E UNOIVSANVYMNOISYO
vz €17 1€ 2o VIN e VIN 90€S €8L'VL6T  98L'7L6T € 6TE—Y0E UNOIVSANVYMNOISYO
VIN VIA ‘€K VIN 0 90€S 78LYLI6T  98L'VL6T 14 6TE-V0E UNOIVSANYMNOISYO
1o 69 VIN 0g VIN 162S L6G'8SYT  26G'8SYT z 662-88¢ H(IAurowopiwed eD)dSS(parepiead)NNEAD LA
VIN ORECAREED VN 9% 1625 258961  Lv8OL6T £ £06-882 SINANY(ASWOPILIEGED)ISSNNYAD LAT
vz '€z 163 '8 VIN 19 VIN 962S €19'/S¥T  809'LS¥T € 66¢-88¢ H(IAurowopIwed eD)OSSNNYAD LA
VIN By LigK B 1A VIN 6€ 962S 00S'GEET  £0G'GEET z €062 MNANY(AUIsLopIWeg e0)OSSNN
2z 19Ty STy 9,20 5120 St L€ 1528 0v8'6v8T  9£8'6¥8T € 8G¢-2re MSdSTdOLLVHALASHD
STo €Ty VA €K 7T.q ra4 € §GeS TZ8'6Y8T  9EB'6Y8T € 8G¢-Zve MSdSTdOLIVHALASHO
STz 71z 1€ 29 £q%q L (5374 rvesS Tr8'6¥8T  9£8'678T € 8Gz-¢ie MSdSTdOLLVHALASHO
(@.3) suoi onsoubeiq (a1D) suol (@13) 84005 (Q1D) 84098 paziedo| aus ssewl ssewl abuaeyp pus-uels aousnbas

NIH-PA Author Manuscript

onsoubelq 1OJSVIN 10OSVIN

¢ ?olqel

NIH-PA Author Manuscript

uone|Aioydsoyd

paAIssqO  [eon8dosy L

1IMINED Ag uonejAioydsoyd oaIA ul | D-spxD wol) sapndad Bulureiuod-sulissoydsoyd

NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2012 March 4.



