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Using a chemical proteomics approach, we efficiently enriched for the generally low abundant cAMP
signaling proteins, and their interactors, directly from mouse ventricular tissue. The presence of
undesired contaminating (noncyclic) nucleotide-binding proteins was diminished using a tailored
sequential elution protocol. Through further optimization of this affinity purification and elution protocol,
we were able to detect all known protein kinase A regulatory isoforms (PKA-R). Furthermore, 11 different
A-kinase anchoring proteins (AKAPs) were detected. A proposed fusion protein of paralemmin 2 and
AKAP2 could be decisively established as a novel AKAP at the protein level in ventricular tissue. When
comparing this dataset of cAMP-affinity purified proteins with earlier data obtained with immobilized
cGMP from rat ventricular tissue, we observe a large overlap in the retained proteins but also some
clear differences. Furthermore, implementation of an in-depth analysis of in vivo phosphorylation sites
on PKA-R revealed the presence of several differentially phosphorylated PKA-R isoforms. This illustrates
yet another layer of functional regulation in cyclic nucleotide signaling. In general, our improved
chemical proteomics screen offers a broad, but detailed, view on nature’s complex diversity in cyclic
nucleotide signaling mechanisms. Possibly different AKAP-isoforms may direct differentially phospho-
rylated PKA-R isoforms to different cellular compartments, providing a multifaceted platform for just
this kinase.

Keywords: PALM2-AKAP2 • cAMP • PKA • chemical proteomics • ventricular tissue • phosphorylation

Introduction

The cyclic nucleotide cAMP (adenosine-3′,5′-cyclic mono-
phosphate) plays a pivotal role in the regulation of many
functions in a multitude of cell types. This regulation is
primarily achieved by activating the cAMP-regulated protein
kinase (PKA). Cellular levels of cAMP increase following extra-
cellular stimulation of different G-protein coupled receptors
(GPCRs). Upon stimulation, the inactive heterotetrameric PKA
(R2C2) dissociates into a dimer of two cAMP-bound regulatory
domains (PKA-R or R2) and two separate catalytic subunits
(PKA-C or 2C). When intracellular cAMP levels drop, cAMP
dissociates from PKA-R. This enables it to bind PKA-C again,
thereby inactivating kinase activity.1 PKA is involved in many
signaling pathways, often taking place within different com-
partments of one cell. Therefore, strong spatial regulation of
PKA is essential. This is achieved by binding of PKA to a distinct
group of proteins called A-kinase anchoring proteins, or
AKAPs.2 The highly diverse members of the AKAP protein family

localize to various compartments of the cell and form the basis
of PKA’s spatial regulation.

Here we study specifically PKA-R and its interacting partners
in heart ventricular tissue of the mouse. Within the cardiovas-
cular system, the cAMP-pathway is important in the sympa-
thetic regulation through â-adrenergic stimuli. PKA is known
to phosphorylate, among others, Troponin I,3,4 L-type Ca2+

channels (also called dihydropyridine receptor (DHPR)),5 and
the ryanodine receptor (RyR).6 As in other tissues, the activity
of PKA within the cardiovascular system requires the involve-
ment of AKAPs. For instance, for cardiac contractility, PKA-
AKAP complex formation is crucial.7 AKAPs whose function is
more or less well defined in the cardiovascular system are
AKAP9 (Yotiao),8 AKAP7R (AKAP15/18),9,10 and AKAP6 (mAKAP).11

These three AKAPs each have a strong influence on intracellular
cation concentrations, regulated through ion channels. AKAP7R
and AKAP6 influence intracellular Ca2+ concentration,9-11

whereas Yotiao was found to target PKA RII and the phos-
phatase PP1 to the KCNQ1 channel to regulate intracellular
potassium ion levels.8 Eleven other AKAPs have been reported
to be present in heart tissue or cardiomyocytes.12

A related second messenger in the cardiovascular system is
cGMP (guanosine-3′,5′-cyclic monophosphate). cGMP stimu-
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lates the cGMP-dependent protein kinase (PKG), which is the
closest related kinase to PKA. Although PKG is primarily
activated by cGMP, it also binds to cAMP.13,14 It has been
suggested that cGMP and cAMP can activate each others’
kinases.15 This direct link between PKA and PKG hampers, to
some degree, the study of these proteins individually, as
dissecting the individual pathways of PKA and PKG requires
specific inhibitors.16

Compared to the major house-keeping proteins, PKA and
its AKAPs are not highly abundant in heart tissue, and therefore
they are often not, or only marginally, detected in global
proteomic surveys. This is primarily due to the limited dynamic
range in analyzing simultaneously high and low abundant
proteins by mass spectrometry-based proteomic screens. This
may be regarded as one of the major current bottle-necks of
the technique. To overcome these limitations, subproteomic
approaches can be used, selectively isolating for instance
cellular organelles or proteins of particular subclasses.

Here we further exploit such a chemical proteomics17-19

approach using immobilized cAMP to enrich, isolate, and detect
PKA and its low abundant interaction partners, like AKAPs,
directly from a crude lysate of mouse ventricular tissue. A
tailored sequential elution protocol, based on previous experi-
ence, enabled us to separate to a large degree the pathways
involving cGMP and cAMP. At the same time, the binding of
less specific, albeit more abundant, proteins, such as general
noncyclic nucleotide binding proteins, could be diminished.
A very specific enrichment of PKA-R and several interacting
AKAPs directly from the mouse ventricular tissue sample was
achieved. The proteins in the highly enriched fraction were
separated, identified, and analyzed in detail using 1D gel
separation followed by nanoflow LC-LTQ-FTICR mass spec-
trometry. We were able to obtain good sequence coverage of
several cAMP-signaling proteins among which were all known
PKA regulatory subunit isoforms. On these we additionally
detected distinguishable phosphorylation patterns. Further-
more, we detected 11 different AKAPs. When we compare
earlier data from rat ventricular tissue20 with this dataset, clear
overlaps and differences are observed. Interestingly, the rep-
ertoire of AKAPs was found to be further diversified by the
presence of multiple splice variants, including a novel fusion
protein. Our data provide a broad view on the elegant multi-
faceted aspects of cAMP/PKA signaling. This encompasses a
variety of differentially phosphorylated isoforms of PKA-R,
several AKAPs, and their specific isoforms. The different iso-
forms may lead to different functional interactions and different
cellular locations.

Materials and Methods

Materials. All chemicals were purchased from commercial
sources and were of analysis grade. Agarose affinity beads: 8-(2-
aminoethyl)aminoadenosine-3′,5′-cyclic monophosphate (8AEA-
cAMP, see also Figure 1) were provided by Biolog. Protease
inhibitor cocktail (Complete Mini) and trypsin (sequencing
grade) were obtained from Roche. HPLC-S gradient grade
acetonitrile (AcN) was purchased from Biosolve and high purity
water (MQ) obtained from a Milli-Q system (Millipore) was
used in all experiments.

Sample Preparation. Hearts from adult FVB/N mice (4-6
months old) were excorporated, frozen in liquid nitrogen, and
stored at -80 °C until use. For protein isolation, the ventricular
tissue of two mice was combined, cooled with liquid nitrogen,
and pulverized in a custom-made mortar which was also

precooled with liquid nitrogen. The powdered tissue was than
transferred to 1 mL of ice-cold PBS-TS (50 mM KPO4, 150 mM
NaCl, 0.1% Tween 20, 300 mM sucrose) and left at RT for 5
min. Subsequently, samples were stored on ice for another 10
min and centrifuged at 20 000 g in a table top Eppendorf
centrifuge (Eppendorf) at 4 °C. The obtained soluble fraction
(20 mg of total protein) was carefully collected and diluted to
a protein concentration of 3 mg mL-1 in lysis buffer before
addition of 50 µL (dry volume) of 8-AEA-cAMP affinity beads
(cAMP-density of 6 µmol mL-1). The lysate-beads suspension
was left at 4 °C under agitation for 2 h. The beads were washed
6 times in cold PBS-TS with a total beads-to-washing volume
ratio of 4 × 107. The beads were subsequently subjected to 50
µL of 10 mM ADP (3×), 500 µL of PBS-TS, 50 µL of 5 mM cGMP

Figure 1. Outline of the experimental protocol. Excorporated
mouse ventricular tissue was solubilized and treated with 8AEA-
cAMP agarose beads. After washing, the cAMP-interactome that
was present on the beads was further enriched by sequential
elution with ADP and cGMP to yield a concentrated final fraction
of PKA and several different AKAPs. The three protein fractions
were separated by SDS-PAGE gel electrophoresis and subse-
quently identification of proteins present in each fraction was
attained by LC-LTQ-FTICR-MS/MS and MASCOT and Scaffold
searches.
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(3×), and again 500 µL of PBS-TS before addition of gel loading
buffer and heating at 95 °C for 5 min. The three ADP and cGMP
fractions were combined and concentrated to a volume of ∼15
µL using Ultrafree-0.5 centrifugal filter units (5 kDa molecular
weight cutoff) (Millipore, Bedford MA) before addition of gel
loading buffer and heating at 95 °C for 5 min. Protein fractions
were separated by 12% acrylamide SDS page electrophoresis
and visualized by colloidal Coomassie staining.

Protein Identification. Each of the 1D gel lanes was cut into
19 pieces. Gel pieces were subsequently washed with MQ and
AcN. Proteins were in-gel digested using a protocol adapted
from Wilm et al.21 Briefly, gel pieces were reduced in 1,4-
dithiothreitol (6.5 mM) and alkylated with iodoacetamide
reagent (54 mM). After thorough washing, pieces were rehy-
drated in trypsin solution (10 ng/µL) on ice. After addition of
30 µL Na2CO3 (50 mM, pH 8.5), samples were digested
overnight at 37 °C. Supernatant of the digest was collected. The
gel pieces were washed for 30 min in 5% formic acid at RT,
after which the supernatant of this washing step was combined
with the earlier fraction and stored at -30 °C until analysis.

For analysis, digested samples (20 µL) were thawed and
injected onto an Agilent 1100 HPLC system (Agilent Technolo-
gies) reconfigured into a nanoscale liquid chromatography
system.22,23 This LC-system was coupled to a 7-Tesla Finnigan
LTQ-FTICR mass spectrometer (Thermo Electron) equipped
with a nanoflow electrospray ion source. Briefly, the mass
spectrometer was operated in the data-dependent mode to
automatically switch between MS and MS/MS acquisition.
Survey full scan MS spectra (from m/z 300-1500) were acquired
in the FTICR with resolution R ) 25 000 at m/z 400 (after
accumulation to a target value of 5 × 106 in the linear ion trap).
The three most intense ions were sequentially isolated for
accurate mass measurements by a FTICR “SIM scan” over a
15 Da mass range, R ) 50 000 and target accumulation value
of 8 × 104. These ions were fragmented in the linear ion trap
using collisionally induced dissociation at a target value of 1
× 104.

Semiquantitative Data Analysis. The mass spectrometric
data was analyzed using MASCOT (www.matrixscience.com)
and Scaffold (www.proteomesoftware.com). The IPI-mouse
database, version 3.11, was searched with 10 ppm accuracy on
the precursor mass and 0.9 Da on the tandem MS data. Variable
modifications included were methionine oxidation and serine/
threonine phosphorylation. Final results were obtained by
setting a 95% confidence level on the peptide and protein
identification in Scaffold. Only proteins with a minimum of
three unique peptides were considered. Scaffold was used to
eliminate redundancy and to assign individual proteins to the
particular gel piece in which most unique peptides were found.
Proteins were classified according to their nucleotide binding
properties using the online Swiss-Prot protein database
(www.expasy.org) or by additional literature searches.

To semiquantitate the abundance of proteins in each of the
eluted fractions, we developed a protocol using the number of
peptide queries as an estimate for protein abundance. As
evidently large proteins may give rise to more peptides than
small proteins, we introduced a molecular weight related
correction. Similar semiquantitative approaches based on the
amount of (unique) queries have been described.24,25 We use a
semiquantitative abundance factor, Fabb,20 by taking for each
individual protein the ratio between the molecular weight and
the amount of peptide queries (MW/queries). The lower Fabb,
the more abundant the protein is. Comparison of these Fabb

factors for proteins in different eluted fractions indicated the
relative abundance of each protein in these fractions.

Analysis of Protein Phosphorylation. For the analysis of
phosphopeptides, we implemented serine and threonine phos-
phorylation as variables in MASCOT. All peptides identified by
their MS/MS-spectra as originating from phosphopeptides were
manually inspected and compared to their nonphosphorylated
counterparts (if present). To estimate the stoichiometry of
phosphorylation at specific sites, single ion chromatograms
(SICs) were created of all peptides for the phosphorylated form,
as well as the nonphosphorylated form. This was done for all
observed charge states and with a mass window of 0.02 Da
around the observed mass. The SIC-quantitation depends
heavily on ionization efficiency in the MS-survey scan. These
efficiencies are by definition different for each peptide, even
for differential post-translationally modified peptides. There-
fore, we only semiquantitated the relative phosphorylation
stoichiometries by comparing peak intensities.

Results and Discussion

Specific Elution Yields Distinct Protein Fractions. In chemi-
cal proteomics, it is of utmost importance that the compound
of interest is immobilized to the bead without compromising
the binding properties of the compound. For the investigation
of cAMP-interacting proteins, there are several choices to link
the cAMP molecule to the bead, as described previously in
detail.20,26 In the present experiments, we used 8-AEA-cAMP-
Agarose beads (see Figure 1) to enrich for cAMP-binding
proteins and their binding partners. As expected, our cAMP-
affinity pull-down was contaminated with high abundant, albeit
less specific binding proteins. Therefore, a tailored sequential
elution protocol was developed to obtain a distinct protein
fraction enriched in PKA-R and AKAPs. The protocol consisted
of an ADP and a cGMP elution to have the highly enriched
PKA-R/AKAP fraction left on the beads. Proteins in all fractions
were separated and visualized by 1D gel electrophoresis, as
shown in Figure 2. The proteins present in the ADP-fraction
and cGMP fraction are depicted in lane 2 and 3 of Figure 2,
respectively. Final elution of the PKA-R/AKAP fraction from the
beads was achieved by addition of SDS-PAGE loading buffer,
lane 4. Lanes 2, 3, and 4 were each cut into 19 equal gel pieces.
Following trypsin digestion, proteins were identified using a
nanoLC-LTQ-FTICR-MS/MS as described previously.27 The
resulting mass spectra were analyzed using MASCOT and
Scaffold software packages.28,29 Only proteins that were identi-
fied with at least 3 unique peptides, with a MASCOT peptide
score of 29 (p < 0.05) or higher, were considered. Using these
stringent criteria, we identified 96 proteins in the ADP fraction,
whereas 16 and 62 proteins were detected in the cGMP and
final-enriched fraction, respectively (Table 1A-C). By compar-
ing the three gel lanes, we can conclude that the ADP elution
efficiently removed less specific noncyclic nucleotide binding
proteins, whereas the cGMP elution performed well in separat-
ing PKG from PKA-R.

Estimation of Protein Abundance in the Different Frac-
tions. The SDS-PAGE gel in Figure 2 illustrates that the elution
protocol provides three distinct protein fractions. Nonetheless,
we observed that quite a few proteins were detected in all three
fractions (see Table 1 and Supplemental Table 1, Supporting
Information). To estimate the relative abundance of these
proteins in the different fractions, we first looked at the
intensities of the silver-stained bands of specific proteins in
the different elutions. The gel intensity was normalized to the
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most intense band of a particular protein. In Figure 3A, the
normalized densitometric detection of protein abundance is
given for a few of the high abundant proteins in the pull down.
It shows that the majority of captured GAPDH dissociates
already during the ADP elution, whereas the majority of PKG
can be eluted with cGMP. This gel-staining-based approach is
somewhat limited and can only be applied to the most
abundant proteins on the gel. Furthermore, proteins that run
in the 1D gel at similar apparent molecular weights, including
some protein isoforms, cannot easily be treated separately.

To overcome some of these problems, we used Scaffold-
based outputs to estimate relative protein abundance and used
the amount of mass spectra obtained for a certain protein, now
referred to as queries, as an indication of protein abun-
dance.24,25 Queries of a particular protein in each of the three
fractions were normalized to the highest value. The number
of queries for each protein in each fraction is listed in Table 1
(and Supplemental Table 1, Supporting Information). The
results of this treatment are shown in Figure 3B for over 20
proteins, including several isoforms. For proteins that could
be semiquantitated by densitometry, we observe a very good
correlation with the MS-based estimation of relative protein
abundance (compare 3A and 3B). One clear advantage of the
query-based method is the much higher sensitivity of the
FTICR-MS compared to the gel staining. Additionally, it allows
the individual analysis of proteins that overlap on the 1D gel,
including some protein isoforms, like PKA-RIR and PKA-RIâ.
By comparing the elution patterns, co-purifying proteins can
be evalutated. For instance, the elution pattern of PKG does
not match with any of the patterns of the AKAPs, indicating
they are not binding partners.

To compare the different proteins in each eluted fraction,
we applied the Fabb factor, in which the amount of queries for
a certain protein is corrected for the molecular weight as
described previously.20,24,25 This gives an estimation of the
relative abundance of a protein in this fraction when compared
to other proteins in this same fraction.

cAMP-Binding Proteins and AKAPs. The fraction depicted
in lane 4 of Figure 2 contained a large variety of cAMP-binding
proteins and their secondary binding partners (Table 1C). They
were almost found exclusively in this fraction (See Figure 3B
and Table 1), which shows that specific elution with ADP and
cGMP to remove interfering proteins is not affecting the
retention of the targeted proteins on the beads. All proteins
dependent on cAMP are highlighted in Table 1C. In the final
fraction, all four types of PKA-R, PKA-RIR (B1), RIIR (B2), RIIâ
(B6), and RIâ (B43), were identified (Table 1C), all with ample
unique peptides and high sequence coverage. The R-isoforms
are reported to be more abundant than the â-isoforms in
mammalian heart, which is in line with our observations (Table
1C).30 We do not detect the catalytic domains of PKA, which is
as expected as they dissociate from the regulatory domains,
upon cAMP binding, or in our case, when PKA-R binds to the
beads.

Next to the four PKA-R isoforms we detected several AKAPs,
many of them in a variety of isoforms. These AKAPs are
discussed below.

Splice Isoform Diversity and Fusion Proteins of AKAP 2.
AKAP2 has been reported to be an actin cytoskeletal binding
AKAP, with a very specific tissue distribution in the particulate
fractions of mouse lung, thymus, cerebellum, and kidney.31

Interestingly, Dong et al. did not find AKAP2 in the particulate
fraction of mouse heart by Western blotting.31 In contrast, we
detected AKAP2 as a high abundant protein in the PKA-R-
enriched fraction (B13). For AKAP2, 6 mRNA-splice variants
have previously been reported (KL1A, 1B, 2A, 2B, 3A, and 3B).
The A-isoforms have an N-terminal extension of 124 amino
acids. Types 1, 2, and 3 are distinguished by the length, and
specific sequence, of their C-termini, as depicted schematically
in Figure 4.

In our quest to identify which AKAP2 isoforms we enriched
for, we noted that 33 unique peptides were matched to an 1137
amino acid (AA) entry in the IPI-mouse database that was
mysteriously called Protein (IPI00649060). Initial BLAST analysis
revealed that part of Protein’s sequence (AA 245-1119) was
nearly identical to the one of AKAP2-KL1A (O54931 (Swiss-
Prot)). Sequence alignment showed that Protein had an ad-
ditional 244 N-terminal amino acids and a different sequence
at the very C-terminus (AA 1119-1129), as depicted in Figure
4. Detailed comparison of the sequences of Protein and the
six earlier established AKAP2-isoform entries in the Swiss-Prot
database revealed that the sequence differed at three different
amino acids (Ser364, Lys508, Pro775), see Supplemental Figure
1 (Supporting Information). Twenty peptides assigned to
Protein originated from the part of the sequence that is
conserved in all six isoforms of AKAP2 (AA 369-1033, Figure
4).31 We observed one peptide (AA 493-508, see Supplemental
Figure 1, Supporting Information) that contained a lysine at
position 508 and not an arginine, as predicted in the Swiss-
Prot database (see Supplemental Figure 1, Supporting Informa-
tion). The 20 peptides, including 493-508, were also matched
to two other entries in the IPI-mouse database: IPI00336504
(AKAP2 Isoform 2) and IPI00648062 (MKIAA0920, BLAST analy-
sis32 showed this to be 100% identical to IPI00336504), indicat-
ing a discrepancy between the AKAP2 sequences in the IPI
database and the Swiss-Prot database (data not shown). This
discrepancy was also observed for Ser364 and Pro775, which
were Ile and Thr in the Swiss-Prot database respectively. At
the C-terminus, we observed another peptide (AA 1117-1123)
that was matched to Protein, IPI00336504, and IPI00648062,

Figure 2. Sequential elution yields distinct protein fractions. SDS-
PAGE gel of mouse ventricular tissue (lane 1) treated with 8-AEA-
cAMP. Sequential elution with ADP (lane 2) and cGMP (lane 3)
yields a final enriched protein fraction highly enriched for PKA
and its binding partners (lane 4). The 19 separate gel slices are
indicated by Band1-Band19 and are applicable to all three lanes.
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Table 1. Identified Proteins of the 8-AEA-cAMP-Interactomea
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but not to any of the AKAP2 entries in the Swiss-Prot database,
reiterating there is an inconsistency between the AKAP2
sequences in the different databases. Nine detected peptides
could not be assigned to any of the entries for AKAP2 in both
the Swiss-Prot and IPI-mouse databases but did match Protein.
The peptides originated from the N-terminal domain of Protein,
between AA 64-244, see Figure 4 and supplemental Figure 1
(Supporting Information). BLAST analysis of AA 1-244 of

Protein revealed that AA 64-180 had 100% sequence identity
with a sequence found in a mouse protein called Similar to
paralemmin 2 (Q8BR92 (TrEMBL), PALM2). The genes of
AKAP2 and PALM2 are close together on the same chromo-
some, and the presence of mRNA coding for an unusual fusion
protein that consists of a partial PALM2 sequence and the
complete sequence of AKAP2 has been described;33 however,
at the protein level it was never observed. We now ensure the

Table 1 (Continued)

a (A) Top 20 of proteins identified in the ADP-eluted fraction (sorted by Fabb), remainder of ADP eluting proteins are depicted in the Supplemental Table 1.
(B) Proteins identified in the cGMP-eluted fraction with >3 unique peptides. (C) Proteins identified in the final enriched fraction (>3 unique peptides/
protein). In bold are proteins of particular interest as they directly or indirectly bind to cAMP at physiological conditions. Proteins depicted in gray are found
in other lanes with higher abundance. Depicted are MASCOT protein scores based on all peptides with an individual peptide score of 29 or higher (p < 0.05)
assigned to a protein. Also depicted are number of queries (i.e., number of identified spectra) and amount of unique spectra assigned to a protein with a
confidence of 95% or higher, data obtained by Scaffold.
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existence of this fusion protein PALM2-AKAP2. Its presence in
our pull down, at an apparent mass between 120 and 160 kDa
(band2) in the PKA-R-enriched fraction, strongly suggests this
protein retains its AKAP properties and is expressed in heart
tissue. The regular PALM2 protein itself is a protein of only 35
kDa. In this molecular weight region of the gel, we did not
detect any PALM2 peptides, corroborating the presence of the
novel fusion protein PALM2-AKAP2 on the beads.

Of the three so far not discussed unique peptides of Protein,
one originated from the 124 amino acid stretch that distin-
guishes the A-isoforms from the B-isoforms of AKAP2 (AA 245-
369). Two more peptides were observed at the C-terminus, one
in the domain that is present in both KL1 and KL2, but not in
KL3 (AA 1039-1092) and another one in a region that is specific
for KL1 (AA 1092-1106). Hu et al. suggested that the C-terminal
part of PALM2-AKAP2 is possibly similar spliced as the earlier
described AKAP2 proteins. From our data we conclude that in
mouse ventricular tissue several splice variants of AKAP2 are
present, including the fusion protein PALM2-AKAP2. Our
analysis does not exclude the possible presence of the “regular”
AKAP2 species in our pull down experiment, in fact at least
one of the “regular” AKAP2 type A-species is present, as derived
from a detected unique N-terminal acetylated peptide.

Interestingly, an interaction between (PALM1) and the dop-
amine D3 receptor (D3R) has been reported, which induces
a reduction of cellular cAMP levels.34 We speculate that
the PALM2-AKAP2 protein might be involved in such path-

ways, as AKAPs are known to interact often with membrane
receptors.2

Other Detected AKAPs. AKAP7 (B14) is also abundant in our
pull down. Four splice variants of AKAP7 (i.e., AKAP15/AKAP18)
have been described; R, â, γ, and δ.35 The first two are relatively
small proteins (15 and 18 kDa, respectively) and contain a
membrane targeting domain; the latter two lack this domain
but are larger (close to 40 kDa). We detected AKAP7 in a 1D
gel band with an apparent mass of 40 kDa (Figure 2, band 11),
indicating that we enriched the γ or δ isoforms. Several
peptides specific for these two isoforms confirmed this finding.
Henn et al. showed a high occurrence of the δ-isoform mRNA
in rat heart tissue,35 but unfortunately our data did not enable
us to distinguish between these two larger isoforms.

Also present in our pull-down is MAP2 (B16).36-38 Four splice
variants have been described, MAP2a and MAP2b (270 and 280
kDa, respectively), and two with lower molecular weights:
MAP2c (49 kDa) and MAP2d (52 kDa). Most detected peptides
originated from a gel band at an apparent mass of 75 kDa,
indicating that we are dealing with either MAP2c or MAP2d.
We detected 1 peptide uniquely present in MAP2d. By the
presence of this peptide, we hypothesize that isoform MAP2d
is present in our pull-down. No unique peptides from MAP2c
were detected.

We also detected AKAP1 (B41, D-AKAP1) and AKAP10 (B42,
D-AKAP2), which are dual specificity AKAPs as they can
bind both to PKA RI and RII.41-43 AKAP1 has at least four

Figure 3. Densiometric quantification versus mass spectrometry-based quantification. (A) In gel quantification by densitometry was
achieved for several proteins. Intensities are normalized to the highest intensity of a protein in a particular lane. (B) Quantification of
proteins in each lane by normalizing the amount of mass queries for a particular protein in each lane to the highest amount.
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splice variants, AKAP1a-d. AKAP1a is the shortest and AKAP1b
(S-AKAP84) and 1d (AKAP100) have an additional N-terminal
domain, which ensures localization to the endoplasmic reticu-
lum. AKAP1c (AKAP121) and 1d have an extended C-terminal
domain.44,45 From two detected peptides in the C-terminal part
of AKAP1 we confirmed the presence of type 1c or 1d. AKAP10
(D-AKAP2) was identified by Wang et al.46 in heart and many
other tissues.

mRNA measurements have indicated that AKAP11 (B30), also
named AKAP220, is present in testis,47 but also in heart.48

AKAP5, called AKAP15049 in mice, AKAP7550 in bovine, and
AKAP7951 in human is mainly found in brain extracts, where it
is part of a multi-protein complex around the AMPA52 and
NMDA receptors,53 as well as at the KCNQ2 potassium chan-
nel.54 Recently, its function in the regulation of cardiac L-Type
Ca2+-channels by PKA phosphorylation has been established.55

AKAP13, also named Ht31, was first described by Carr et al. as
a protein originating from a human heart cDNA library.50,56,57

Later, a much larger protein was cloned, containing the
Ht31 sequence, AKAP-Lbc. AKAP-Lbc was shown to be a
functional GEF of the GTPase Rac in the formation of stress
fibers.58 AKAP-Lbc has been reported to be expressed in human
heart and, to a lower extent, in lung and placenta.58 Due to
our high stringency for protein identification confidence, two
detected AKAPs were filtered out. Nonetheless, we mention
them here. Both AKAP9 and SKIP (Sphingosine kinase type 1

interacting protein) were detected, albeit with only two unique
peptides. These two AKAPs have been described previously to
be present in heart tissue. AKAP9 or Yotiao59 has a specific
function in cardiomyocytes and targets PKA, and other signal-
ing molecules to potassium channels to regulate the intracel-
lular potassium concentration.8 The latter has only recently
been acknowledged as an AKAP and was found in heart, but
its function, besides anchoring PKA and sphingosine kinase
type 1, is largely unknown.20,60

In vivo Phosphorylation of PKA-R. Our method provides a
sensitive, fast, and robust enrichment for all isoforms of the
regulatory subunits of PKA and may be applied directly to any
tissue sample, enabling the investigation of in vivo phospho-
rylation. It has been described that PKA-R can be phosphory-
lated at several positions, also through autophosphorylation.61,62

Although we did not specifically enrich for phosphopep-
tides,23,63 we observed the presence of several interesting
phosphopeptides of PKA-RIR and RIIR. The tandem-MS spectra
of these phosphopeptides were scrutinized and compared one-
to-one with their nonphosphorylated counterparts. Manually
approved PKA-R phosphopeptides from our data set are listed
in Table 2. For PKA RIR, five phosphopeptides were detected,
and for PKA RIIR, one was detected. By creating selected ion
chromatograms (SIC) of specific peptides of interest at their
observed precursor masses (see Methods), we were able to
estimate the relative stoichiometries of phosphorylation.

Figure 4. Alignment of PALM2-AKAP2 with PALM2 and AKAP2 isoforms. Sequence alignment of Protein (IPI00649060, PALM2-AKAP2)
with a mouse protein from the TrEMBL-database called Similar to PALM2 (Q8BR92) and AKAP2-KL1A (O54931), AKAP2-KL2A (O54931-
2), AKAP2-KL3A (O54931-3) from the Swiss-Prot database. Also depicted are the AKAP2-KL B-isoforms, which are formed by an alternate
initiation at M125 of their corresponding A-isoforms.31 All sequences with 100% sequence identity to PALM2-AKAP2 are depicted in
white, whereas sequences that are absent in PALM2-AKAP2 are depicted in grey. Also depicted, at the top, are the number of unique
peptides identified in the different specific domains of PALM2-AKAP2. In brackets, the number of unique peptides in specific regions
of PALM2-AKAP2. aTwo peptides assigned to PALM2 only. bTwo peptides observed only in type 2 AKAP2 splice isoforms. cAcetylated
peptide, representing the earlier described AKAP2-A-isoforms.31

Table 2. Site-Specific Detection of Protein Phosphorylationa

no. protein residues sequence Mr found Mr expt Mr calc MASCOT

1 PKA-RIIR 95-115 (R)-RVpSVCAETFNPDEEEEDNDPR-(V) 863.346 2587.016 2587.017 50
2 PKA-RIR 71-92 (K)-TGIRTDSREDEIpSPPPPNPVVK-(G) 828.748 2483.222 2483.206 54
3 PKA-RIR 71-92 (K)-TGIRTDpSREDEIpSPPPPNPVVK-(G) 828.746 2483.215 2483.206 48
4 PKA-RIR 71-92 (K)-TGIRTDpSREDEIpSPPPPNPVVK-(G) 855.402 2563.184 2563.172 58
5 PKA-RIR 75-92 (R)-TDSREDEIpSPPPPNPVVK-(G) 1028.989 2055.964 2055.951 69
6 PKA-RIR 79-92 (R)-EDEIpSPPPPNPVVK-(G) 799.383 1596.751 1596.744 97

a Some peptides were observed in different charge states, whereby we only considered the one with the highest peptide MASCOT score. Peptide 2 and 3
were observed at the same m/z, but with different retention times. The MS/MS spectra revealed them to be two distinct peptides, as shown in this table.
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Figure 5. Tandem MS spectra of a differentially phosphorylated peptide of PKA. (A) Overlaid single ion chromatograms (SICs) of PKA
RIR-peptide 71-92 in the non-, singly, and doubly phosphorylated form. SICs were generated with precursor masses of the 3+ ions at
m/z 802.09, 828.74, and 855.40 ( 0.02 Da, respectively. (B) MS/MS spectrum corresponding to peak at 35.82 min. (C) Tandem MS
spectrum of peak at 36.55. (D) MS/MS spectrum of doubly phosphorylated peptide with a retention time of 37.29 min. Also depicted
are observed b- and y-ions that were crucial for the annotation of the phosphate group at the specified position(s) in the differentially
modified peptide 71-92.
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Most interesting are the observed peptides originating from
amino acids 71-92 of PKA RIR in the non-, singly, and doubly
phosphorylated form, as shown in Figure 5. In Figure 5A, the
selected ion chromatograms (SIC) of different peptides are
overlaid. As shown in this figure, the nonphosphorylated
peptide eluded before the singly phosphorylated peptide that
eluted with two different retention times. Finally, the doubly
phosphorylated peptide eluted. Corresponding tandem-MS
spectra of each of these phosphopeptides are shown in Figure
5B-D. These spectra reveal that peptide 71-92, which, in
theory, can be phosphorylated at four positions (Thr71, Thr75,
Ser77 and Ser83), is actually phosphorylated at either Ser83
(Figure 5B) or Ser77 (Figure 5C) or at both (Figure 5D). This
indicates that at least four differently phosphorylated PKA RIR
species are present in vivo in mouse heart tissue. Based on
SIC-quantitation, these occur at roughly the same concentra-
tion (Figure 5A).

For PKA RIR, as far as we know, no autophosphorylation sites
have been described. Therefore, the phosphorylation sites iden-
tified in this experiment are most likely generated by other
kinases in vivo. Recently, both these phosphorylation sites were

identified in a large phosphoproteomics screen for synaptic
proteins by Collins et al.,64 who identified the exact same pep-
tide as we observed (peptide 4, Table 2). Our experiment, how-
ever, also reveals that the phosphorylation at these sites is quite
dynamic as we also found the nonphophorylated peptide, as
well as peptides with individual phosphorylations on Ser77 and
Ser83. Ser83 phosphorylation was earlier identified in bovine
heart.65

The bioinformatics tool NetPhosK (www.cbs.dtu.dk/services/
NetPhosK66) can predict a match between an observed phos-
phorylation site and the potential kinase responsible for it. It
does this by comparing the sequence around the phosphory-
lation site to a database of known kinase consensus motifs.
NetPhosK analysis of our data revealed a possible involvement
of glycogen synthase kinase 3 for Ser83. The other site could
not be assigned by NetPhosK. Interestingly, phosphorylation
of PKA RII by glycogen synthase kinase has been described
earlier.67

On PKA RIIR we observed one specific phosphorylation site
at Ser97. This site was earlier identified as an autophosphory-
lation site that reduces the affinity of the regulatory subunit

Figure 6. AKAPs identified in heart. (A) Comparing sequence coverage of several proteins pulled down with 8-AEA-cAMP and 2-AH-
cGMP in mouse (blue) and rat (red) ventricular tissue, respectively. Sequence coverage measured by MASCOT protein scores (bars)
and amount of queries (numbers on top). (B) Heart AKAPs and their subcellular localization. Adapted from Kapiloff et al., Ruehr et al.,
and Wong et al.2,71,72 AKAPs identified in this experiment are depicted in red when abundantly present in our PKA-enriched fraction
(among top 25 proteins based on Fabb), in green proteins in the top 50, but not top 25, and in yellow the lower abundant AKAPs of our
pull down. AKAPs in white were not detected in this experiment but were previously reported to be present in heart. A question mark
is depicted when the intracellular localization is currently unknown. (KCNQ1, delayed rectifier potassium channel; RyR, ryanodine
receptor; â2AR, type 2 â-adrenergic receptor; BIG2, brefeldin A inhibited GEP2.)
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for the catalytic subunit, thereby prolonging the cAMP signal
when intracellular concentrations start to drop.62,68 Apparently,
this autophosphorylation is quite common in vivo, as roughly
50% of PKA-RIIR was found phosphorylated at this site, as
determined by SIC-based quantitation (data not shown).

Comparing Mouse and Rat Ventricular Tissue with Cyclic
Nucleotide Affinity-Based Chemical Proteomics. In a previous
chemical proteomics study using immobilized cGMP rather
than cAMP as bait and rat ventricular tissue instead of mouse,
we also identified all 4 isoforms of PKA-R. Based on the
sequence coverage, the enrichment of PKA-R was slightly better
in the cAMP-pull down, as expected. The same pattern is
observed for the AKAPs in both ventricular tissues.20 In our
current approach with cAMP, we identify the same 7 AKAPs
(AKAP1, AKAP2, AKAP7, AKAP10, AKAP11, AKAP13, and SKIP).
All but one (SKIP) had slightly more sequence coverage in
mouse, as judged by their amount of queries and MASCOT
scores (Figure 6).69 Three AKAPs were only observed in mouse,
MAP2, AKAP5, and Yotaio.

One of the most striking differences was the retention of
SKIP, which was much less efficient in mouse than in rat.
Perhaps the SKIP concentration in rat heart is higher than in
mouse, but it is also likely that the retention of SKIP through
PKA-R is sterically less favorable when it interacts with a cyclic
nucleotide anchored in the 8-position. (In the rat study, 2-AH
anchored cGMP was used.) Phosphodiesterase 5 (PDE5) was
not pulled down in the mouse experiment, which can be
explained by the fact that PDE5 is a cGMP-specific PDE. In
addition, PDE1 and PDE2, which are both dual specific PDE’s,
are likely not present in the mouse pull down with cAMP due
to the position of the spacer. PDE’s are known to have a crucial
interaction with cyclic nucleotides (cGMP or cAMP) around the
8-position; hence, a substituent at that position will hamper
PDE interaction with the beads all together.70

Then there is the earlier observed presence of PALM2-AKAP2
in this mouse sample. Closer investigation of our earlier rat
data20 revealed the presence of 4 unique PALM2 peptides in
the gel band that also contained AKAP2. As in this mouse
experiment, no PALM2 peptides were observed around 40 kDa,
indicating that the fusion protein PALM2-AKAP2 is also present
in rat ventricular tissue.

The phosphorylation states of PKA-RIR and RIIR between
mouse and rat heart were also compared. We observed the
same peptides, with equal phosphorylation patterns on PKA-
RIR, reiterating the further complexity introduced by phos-
phorylation on the different PKA-RIR isoform assemblies in the
ventricular tissue (data not shown). The conservation of these
phosphorylation events through multiple species hints toward
their importance in the functioning of PKA in ventricular tissue.
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