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The cyclic nucleotide monophosphates cAMP and cGMP play an essential role in many signaling
pathways. To analyze which proteins do interact with these second messenger molecules, we developed
a chemical proteomics approach using cAMP and cGMP immobilized onto agarose beads, via flexible
linkers in the 2- and 8-position of the nucleotide. Optimization of the affinity pull-down procedures in
lysates of HEK293 cells revealed that a large variety of proteins could be pulled down specifically.
Identification of these proteins by mass spectrometry showed that many of these proteins were indeed
genuine cAMP or cGMP binding proteins. However, additionally many of the pulled-down proteins
were more abundant AMP/ADP/ATP, GMP/GDP/GTP, or general DNA/RNA binding proteins. Therefore,
a sequential elution protocol was developed, eluting proteins from the beads using solutions containing
ADP, GDP, cGMP, and/or cAMP, respectively. Using this protocol, we were able to sequentially and
selectively elute ADP, GDP, and DNA binding proteins. The fraction left on the beads was further
enriched, for cAMP/cGMP binding proteins. Transferring this protocol to the analysis of the cGMP/
cAMP “interactome” in rat heart ventricular tissue enabled the specific pull-down of known cAMP/
cGMP binding proteins such as cAMP and cGMP dependent protein kinases PKA and PKG, several
phosphodiesterases and 6 AKAPs, that interact with PKA. Among the latter class of proteins was the
highly abundant sphingosine kinase type1-interating protein (SKIP), recently proposed to be a potential
AKAP. Further bioinformatics analysis endorses that SKIP is indeed a genuine PKA interacting protein,
which is highly abundant in heart ventricular tissue.
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Introduction

With over 20 000 genes, many splice variants, and post-
translational modifications, the cellular proteome is enor-
mously complex.1 Analyzing tissue even enlarges this complex-
ity, as many different cell types may be present. Presently, one
of the major bottlenecks in proteomics is the limited dynamic
range in analyzing simultaneously high and low abundant
proteins. Therefore, in standard proteomics analyses, low
abundant proteins are often missed. To overcome these limita-
tions, sub-proteomic approaches have been introduced, selec-
tively isolating cellular organelles or proteins of particular
subclasses. In the latter approach, proteins specifically interact-
ing with a specific bait-protein or antibody may be isolated

from the cellular lysate allowing the analyses of protein
complexes and/or signaling pathways.2-4 Alternatively, small
molecules, such as drugs or messenger molecules, can be used
as a bait to selectively enrich for proteins that do interact with
them, an approach often termed chemical proteomics.5-7

Here, we chose such a chemical proteomics approach to
enrich specifically for cGMP and cAMP interacting proteins.8

These cyclic nucleotide monophosphate molecules are diffus-
ible intracellular second messenger molecules produced in
response to hormone action.9 We immobilized cAMP and/or
cGMP onto agarose beads, via flexible linkers in either the 2-
or 8-position of the nucleotide moiety (Figure 1A).10,11

The principal intracellular target of cAMP is PKA, which is a
hetero tetramer that consists of two catalytic subunits that are
held in an inactive conformation by a regulatory subunit dimer.
However, several other proteins, such as cyclic nucleotide-gated
channels, phosphodiesterases, and guanine nucleotide ex-
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Figure 1. (A) Chemical structures of different immobilized cyclic nucleotides used in this work, (B) Schematic of the sequential elution
protocol used for further enrichment of ‘true’ cAMP/cGMP interactors such as PKG and PKA and their binding partners by pre-elution
of adenine (ANbP) and guanine (GNbP) nucleotide binding proteins, respectively.
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change factors bind to and are activated by cAMP.9,12 Addition-
ally, many proteins are thought to bind indirectly to cAMP, for
instance through binding with PKA. Compartmentalization of
PKA through association with A-kinase anchoring proteins
(AKAPs) ensures specificity in signal transduction by tethering
the kinase close to its appropriate effectors and substrates.13

Most AKAPs bind to the regulatory subunit of PKA and direct
the kinase to discrete intracellular locations. Anchored PKA has
been shown to be important in various cellular processes,
including gene transcription, hormone-mediated insulin secre-
tion and ion-channel modulation. Nowadays, over 70 different
AKAPs have been described, which additionally to directing PKA
also bring together signal transduction and signal termination
molecules in a convergence of signaling pathways.9,14,15 PKA’s
docking domain, close to the N-terminal dimerization domain,
forms a tight complex with a conserved 17 amino acid stretch
of an AKAP, called the anchoring domain.16-18 The sequence
and structural organization of the PKA anchoring domain,
which forms an amphipathic helix, is the only feature that all
AKAPs have in common.

The principal intracellular target of cGMP is PKG; although
also for cGMP other binding partners have been described,
including phosphodiesterases and cGMP-gated ion channels.
The cGMP dependent kinase, PKG, shares homology to PKA,19-21

but is involved in very specific signaling pathways such as
relaxation of smooth muscle.22 As for PKA, there are two types
of PKG, I and II. For both kinases, the type I isozymes are
mainly found in the soluble cell fraction, while the type II
isoforms are mainly found in the particulate fraction. Com-
pared to PKA, much less well-defined PKG anchoring proteins
(GKAPs) have been described.23 Most notable are the found
functional interactions of PKG IR with myosin phosphatase in
smooth muscle cells24 and the binding of PKG Iâ to the IP3-
receptor associated protein (IRAG) in tracheal smooth muscle.25

Both cAMP and cGMP signaling are considered important
for the functioning of the mammalian heart. In heart tissue,
three distinct AKAPs have a strong influence on cation con-
centration regulation through ion channels: AKAP18R,26,27

Yotiao28 and mAKAP.29 Particularly, these three membrane-
associated AKAPs have been studied in detail, however, nine
others are also known to be present in heart tissue/cardiomyo-
cytes.15 We assume that even more AKAPs may be present in
heart tissue, all most likely with specific functions.

Important for the present study is that PKA and PKG can
bind quite tightly to both cAMP and cGMP, and it is believed
that each cyclic nucleotide can activate the counterpart ki-
nase,30 although also specific PKA or PKG inhibitors have been
described.31 Therefore, it may be difficult to selectively pull-
down PKA and PKG, and their binding partners using im-
mobilized cyclic nucleotide monophosphate beads.

Here, we describe a comprehensive analysis of proteins that
do interact directly or indirectly with cAMP and/or cGMP using
cAMP and cGMP immobilized onto agarose beads, via flexible
linkers in either the 2- or 8-position (Figure 1A). This revealed
that next to genuine cAMP or cGMP binding proteins many
more abundant AMP/ADP/ATP, GMP/GDP/GTP, or general
DNA/RNA binding proteins were enriched for. To overcome
this issue, we continued with the 2-aminohexyl-linked cGMP
beads, and introduced a sequential elution protocol, eluting
proteins from the beads using solutions containing ADP, GDP,
cGMP, and/or cAMP, respectively (Figure 1B). Using this
protocol, we were able to elute sequentially and selectively ADP,
GDP, cGMP, and cAMP binding proteins. The final elution and

the fraction still remaining on the beads were found to be much
more enriched for proteins that do interact directly or indirectly
with cAMP or cGMP. Our elution procedure allowed us to
enrich for proteins directly binding to the cyclic nucleotides
such as PKG and PKA, several phosphodiesterases but also for
indirectly binding proteins such as the aforementioned AKAPs.
Among the latter class of proteins, enriched from the rat heart
ventricular tissue was the highly abundant sphingosine kinase
type1-interating protein (SKIP), recently proposed to be a
potential AKAP. Our approach further validates that SKIP
indeed is a genuine PKA interacting protein.

Materials and Methods

Materials. All standard chemicals were purchased from
commercial sources and were all of analysis grade, unless stated
otherwise. Protease inhibitor cocktail and trypsin were obtained
from Roche (Mannheim, Germany). Agarose cyclic nucleotide
affinity beads: 8-(2-Aminoethyl)aminoadenosine-3′,5′-cyclic
monophosphate (8AEA-cAMP), 8-(2-Aminoethyl)thioguanosine-
3′,5′-cyclic monophosphate (8AET-cGMP), 2′-(6-Aminohexyl)-
guanosine-3′,5′-cyclic monophosphate (2AHA-cAMP) and 2-(6-
Aminohexyl)aminoadenosine-3′,5′-cyclic monophosphate (2AHA-
cAMP) were provided by Biolog(Bremen, Germany), see also
Figure 1A. The concentration of immobilized cyclic nucleotide
on the beads was approximately 6 µmol/mL, as determined
by the manufacturer. HPLC-S gradient grade acetonitrile (AcN)
was purchased from Biosolve (Valkenswaard, The Netherlands)
and high purity water obtained from a Milli-Q system (Milli-
pore, Bedford, MA) was used for all experiments.

Affinity Pull Down Protocol, HEK293 Cells. HEK293 cells
were cultured in suspension in 90% FreeStyle Medium with
addition of 10% DMEM, 0.09% fetal calf serum (All Invitrogen,
Breda, The Netherlands) and 0.9% primatone (Kerry Bio-
Sciences, Tralee, Ireland).

A 50-mL portion of HEK293 cell suspension was harvested
at a density of ∼1.5 × 106 cells/mL by centrifugation (30 min,
1000 × g) and washed once in ice cold PBS before storage at
-30 °C. Upon usage, cells were thawed and resuspended in
ice-cold lysis buffer (50 mM KPO4, 150 mM NaCl, 0.1% Tween
20, protease inhibitor cocktail). After daunce homogenization
on ice, the lysate was left at 0 °C for another 10 min.
Subsequent centrifugation at 20 000 × g in a tabletop Eppen-
dorf centrifuge (Eppendorf, Hamburg, Germany) at 4 °C yielded
separation of soluble and insoluble protein fractions. The
soluble fraction (∼8 mg of total protein) was carefully collected
and diluted to protein concentration of 2 mg mL-1 in lysis
buffer before addition of the affinity beads (50 µL dry volume).
The lysate-beads suspension was left at 4 °C under agitation
for 2 h. Then the beads were washed 6 times in buffer A (50
mM KPO4, 150 mM NaCl, 0.1% Tween 20) with a total beads
to washing volume ratio of 4 × 107. Next, the beads were boiled
in an equal volume of SDS-PAGE loading buffer and subjected
to a 12% SDS-PAGE gel.

Elution of Different Nucleotide Binding Fractions. Samples
were treated as in the previous experiment, except: before
addition of SDS-PAGE loading buffer, the washed beads were
subsequently subjected to 50 µL aliquots of 10 mM ADP, 10
mM GDP, 5 mM cGMP, and 200 mM cAMP in buffer A, for 10
min on ice. To prevent carry-over between the different
elutions, beads were washed with 20 volumes of buffer A in
between. After elution, beads were treated as before. Eluted
samples were treated with 1/5 volume of SDS-page loading
buffer and all were subjected to 12% SDS-PAGE electrophoresis.
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Rat Heart Tissue. Hearts from 6 months old Wistar rats were
excorporated, frozen in liquid nitrogen and stored at -80 °C
until use. For protein isolation, approximately 150 mg of
ventricular tissue was pulverized in a custom-made mortar
which was pre-cooled with liquid nitrogen. The powdered
tissue was than transferred to 1 mL of ice-cold lysis buffer and
left at RT for 5 min. Subsequently, samples were stored on ice
for another 10 min and treated as described for the HEK293
cells.

Protein Identification. After gel electrophoresis, gels were
subjected to colloidal Coomassie staining or silver staining. For
in gel digestion, an adapted protocol of Wilm et al. was used.32

Briefly, complete gel lanes were cut into equally spaced pieces,
while in the elution samples, individual protein stained bands
were cut out. Gel pieces were subsequently washed with MQ
and AcN. Pieces were reduced in DTT and then alkylated with
iodoacetamide reagent. After thorough washing, pieces were
incubated with trypsin and allowed to digest overnight. Su-
pernatant of the digest was collected and pieces were washed
for 30 min in 5% formic acid at RT. Again, supernatant was
collected and both were combined.

For HEK293 samples, an Agilent 1100 HPLC system (Agilent
Technologies) connected to a Thermo Finnigan LTQ-MS
(Thermo Electron, Bremen, Germany) was used. Briefly, peptide
extracts (in 10 mM Na2CO3 with 2.5% formic acid) were injected
on a trap column (Reprosil C18 RP (Dr Maisch, Germany), 20
mm × 100 µm I.D.) at 5 µL/min (Subsequently, the peptides
were transferred with a split-reduced flow rate of 100 nL/min
solvent A (0.1 M acetic acid) on the analytical column (Reprosil
C18 RP), 20 cm × 50 µm I.D.). Elution of the peptides was
achieved with a linear gradient from 0 to 40% B (0.1 M acetic
acid in 80% (v/v) acetonitrile) in 40 min. The column effluent
was directly introduced into the ESI source of the mass
spectrometer via a butt-connected nano-ESI emitter (New
Objectives, Woburn, MA). The mass spectrometer was operated
in the positive ion mode and parent ions were selected for
fragmentation in data-dependent mode.

Digested samples from rat ventricular tissue were applied
to a nanoscale liquid chromatography tandem mass spectrom-
etry (nano-HPLC-MS/MS) experiment, performed on an Agi-
lent 1100 HPLC system (Agilent Technologies) as described by
Meiring et al.33 When rat ventricular samples were analyzed,
the LC-system described above was connected to a 7-Tesla
Finnigan LTQ-FT mass spectrometer (Thermo Electron, Bre-
men, Germany) equipped with a nano 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 FT-ICR 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 sequen-
tially isolated for accurate mass measurements by a FT-ICR
‘SIM scan’ which consisted of 15 Da mass range, R ) 50 000
and target accumulation value of 8e4. These were then simul-
taneously fragmented in the linear ion trap using collisionally
induced dissociation at a target value of 1e4.

After mass spectrometric measurements, data was first
analyzed with the MASCOT software (www.matrixscience.com).
Then, the MASCOT data was subsequently introduced into the
X-Tandem search algorithm of the Scaffold software package
(www.proteomesoftware.com). Each search engine has its own
strength and weakness. By combining the results of two search
engines, one can increase confidence of the peptides that were

found using both engines, as well as gaining extra peptides that
are found in either one or the other search engines. Identified
proteins were further analyzed for their nucleotide binding
properties by using the online SWISS-PROT protein database
(www.expasy.org) or by literature searching.

Hidden Markov Searches. To search a heterogeneous se-
quence database for possible conserved AKAP anchoring
domains a motif based hidden Markov model (HMM) was built.
For this, sequences of 13 known AKAP proteins were used (ht31,
MAP2, TAKAP80, AKAP110, Yotiao, Gravin, AKAP18, AKAP79,
DAKAP1, AKAP82, AKAP95, AKAP220, and AKAP-L17,34) with
MEME35 to search for conserved motifs with the following
constraints; minimum width of motif is 10 nt and maximum
width of motif is 18 nt. The motif found with MEME was
converted with meta-MEME36 to a motif based HMM. Subse-
quently, the HMM was used to search fasta databases for the
presence of this motif.

Results and Discussion

In this manuscript, we report a method to evaluate cell
lysates for cyclic nucleotide binding proteins and their inter-
actors by using affinity beads and specific elutions. Since our
method is based on protein precipitation, in the present study,
focus is directed to the soluble fraction of the lysates. We
evaluated cAMP and cGMP binding proteins, whereby the two
different cyclic nucleotides were immobilized on the agarose
beads at two different coupling positions, 2′ and 8′, respectively
(Figure 1A).

Different Coupling Positions of the Cyclic Nucleotide
Display Different Pull-Down Characteristics. The four differ-
ent beads were tested using a human embryonic kidney cell
line (HEK293). Beads were incubated with a freshly prepared
HEK293 lysate, washed thoroughly and applied to 1D-SDS-page
(Figure 2). Clearly, the different beads managed to pull down
specific protein populations from the lysate (lane 1) Interest-
ingly, different coupling positions resulted into different in-
teractomes as each lane of Figure 2 shows several unique
bands. NanoLC-tandem-mass spectrometry (nanoLC-LTQ-
MS/MS system) was employed to verify the major proteins that
were retrieved by the beads from the lysate. The different beads
have several proteins in common: PKA Regulatory subunit IR
(PKA IR), PKG type IR (PKG), Heat shock protein 70 kDa
(HSP70) and the nucleoside diphosphate kinases (NDPK) A and
B (also known as NM23-H1 and H2). The first two cyclic
nucleotide dependent kinases were expected as the immobi-
lized baits have these kinases as their primary intracellular
targets. As reported before, cGMP beads immobilize PKG and
PKA, as do cAMP beads.11 Both HSP70 and NDPK A and B have
no cyclic nucleotide binding domain, however, they do have
affinity for other nucleotides; HSP70 contains an ATPase
domain and therefore binds ATP/ADP.37 The NDPKs are rather
unspecific nucleotide binding proteins that interact with dif-
ferent diphosphate nucleotides such as GDP and convert them
to triphosphate nucleotides, like GTP.38-40 HSP70 and NDPKs
are high abundant housekeeping proteins. Other proteins seem
to be more specific for a certain type of nucleotide and/or
coupling position. For instance, the 8-AEA-cAMP beads (lane
3) efficiently immobilized GAPDH (glyceryl aldehyde phosphate
dehydrogenase) and myosin heavy chain (MHC). GAPDH binds
NAD+ (nicotinamide adenine dinucleotide), which contains an
adenine moiety, thereby explaining its affinity for the cAMP-
beads. The binding of myosin heavy chain (MHC) to these
beads can be explained by binding through its ADP/ATP
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domain. The 2-AH-cGMP-beads showed quite a few specific
bands in our profiling study (lane 4). Two proteins, valyl-tRNA-
synthetase (ValRS), and eukaryotic translation elongation factor
Iâ (eEFIâ), were identified in our pull-down and are known to
be part of the human eukaryotic translation elongation mulip-
rotein complex 1 (eEF1H).43 In summary, Figure 2 shows that
different beads bind different proteins. This is likely caused by
the different nature and coupling positions of the ligands. The
2-AH-cGMP-beads seem to bind most specific proteins and
were therefore further explored.

Sequential Elution Reveals which Proteins have Affinity for
Specific (Cyclic) Nucleotides. Since initial analysis of proteins
specifically interacting with 2-AH-cGMP-beads showed a di-
verse population of proteins, the interactome of these beads
was analyzed in-depth by subsequent in-gel digestion and MS
analysis of the entire gel lane. Lane 1 in Figure 3 shows that
the beads managed to specifically pull down a distinct popula-
tion of proteins from the HEK293 cell lysate. The use of silver
staining revealed more bands in this experiment, compared
to the 2AH-cGMP pull down of Figure 2, in which Coomassie
staining was applied. Lane 1, Figure 3, was cut into 24 pieces
and prepared for MS analysis following in-gel tryptic digestion.
Using stringent criteria a total of 42 proteins (H1-H42) were
identified with great confidence (shown in the Supporting
Information Table 1). Subsequently, the online SWISS-PROT
database (www.expasy.org) and literature searching were em-
ployed to assess the potential nucleotide binding properties
of the identified proteins. Proteins were divided into seven
distinct categories: cGMP, cAMP, GMP/GDP/GTP, AMP/ADP/
ATP, DNA/RNA, cytoskeletal, and unknown (Supporting Infor-
mation Table 1 and Figure 3B). This classification is shown in
Figure 3B and reveals that only 7% of the identified proteins
in the HEK293/2AH-cGMP interactome are cyclic nucleotide

binding proteins. However, many other proteins identified were
not just aspecific binding proteins, but are known to have
affinity for other forms of adenine and guanine nucleotides
such as ADP and GDP and general DNA/RNA binding proteins.
Also, the majority of pulled-down proteins (50%) are annotated
as cytoskeletal or actin binding proteins. This is likely the cause
of the high abundance of cytoplasmic actin (H1) in the pulled
down fraction. Since actin is involved in many cytoskeletal
structures within the cell, a high abundance of actin/cytosk-
eletal interacting proteins is not unlikely.

To get more specific information on proteins interacting with
cAMP, cGMP (directly or indirectly via the kinases PKA and
PKG) a specific elution protocol was designed to reduce the
amount of proteins that bind preferentially to other nucleotides.
We eluted the beads sequentially with solutions containing
ADP, GDP, cGMP, and cAMP. The proteins in the eluted
fractions were separated on a 1D gel, displayed in Figure 3a;
lane 2 (ADP), lane 3 (GDP), lane 4 (cGMP), and lane 5 (cAMP).
Lane 6 displays the proteins that remained still on the beads
after this protocol and were eluted by boiling the beads in SDS
loading buffer. The elution protocol is based on the expected
higher affinity of, for instance, ADP binding proteins for ADP
over immobilized 2-AH-cGMP. The first elution performed with
10 mM ADP (lane 2 in Figure 3A) gave rise to several silver
stained bands, which were identified, again using the nanoLC-
LTQ-MS/MS setup. In complementary experiments, ATP and/
or AMP was used instead of ADP, but this lead to indistin-
guishable elution patterns (data not shown). Since ATP activates
many proteins, for instance leading to kinase activity, we chose
to use ADP. The following proteins were found to elute
predominantly in the ADP fraction: Spectrin (H14), R-actinin
4 (H10), HSP70 (H11), cytoplasmic actin (H1) and the NDPK A
and B (H2 and H8). H14, H10 and H1 are all part of the
cytoskeleton. The finding that HSP70 and actin can be selec-
tively eluted is probably due to the fact that ADP is a higher
affinity ligand for these proteins than the immobilized cGMP.
Figure 3A shows that NDPK A and B also eluted in other
fractions, likely due to the fact that these proteins are quite
abundant in the HEK cells and are relatively unspecific in their
binding behavior concerning different nucleotides. Strikingly,
no significant amount of NDPK eluded with free cGMP, which
is also the bait.

In the elution, with 10mM GDP (lane 3), several proteins
eluted specifically. Besides the two earlier mentioned constitu-
ents of the eEF1H-complex, ValRS (H6) and eEF1â (H5), we
detected now also other known members of this complex,
eEF1R (H4), eEF1δ (H9), and eEF1γ (H7).43 It is clear from the
comparison of the ADP and GDP elutions (lane 2 and 3, and
Figure 3C) that this complex binds preferentially to GDP. In
the next elution with 5 mM cGMP (lane 4), we only observed
proteins already observed in more abundant quantities in
earlier fractions. This was also the case for the cAMP elution
(lane 5). Strikingly, PKA and PKG do not elute well from the
beads, even when 10 mM cGMP and cAMP solutions were used
for the elution. To illustrate this further, in this experiment we
used a cAMP-solution of 200 mM, without success. We assume
that their affinity for the beads is too high at the current
conditions and incubation time, hampering elution with the
used concentrations of the cyclic nucleotides at low temper-
ature.45 In agreement with this assumption analysis of lane 6,
that represents the protein fraction on the beads after the whole
elution protocol, yielded the identification of PKG IR (H20) and
PKA RIR (H12).

Figure 2. Coomassie stained SDS page gel of HEK293 lysate
(lane 1), affinity purified with the four differently immobilized
cyclic nucleotide agarose resins. 2AH-cAMP (lane 2), 8AEA-cAMP
(lane 3), 2AH-cGMP (lane 4), and 8AET-cGMP (lane 5). Abundant
proteins present in the pulled down fractions are depicted next
to lane 5, solid lines represent proteins that were found with all
four beads, dotted lines indicate proteins predominantly ob-
served in one particular fraction.
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In Figure 3C, we schematically summarize the results of our
sequential elution protocol. The relative abundance of several
of the abovementioned proteins is given as extracted from the
density on the gel after each elution step. This figure clearly
illustrates that cytoskeletal proteins such as R-actinin and
spectrin, and the housekeeping protein HSP70, can be eluded
selectively using ADP. The whole eEF1H-complex was clearly
found to elude preferentially in the GDP-fraction. The PKG
profile shown in Figure 3c indicates that it is for ∼90% retained
on the beads. Surprisingly, PKA was found to be even better
retained on the beads, as no PKA was observed in any of the
elution steps. From this experiment, it can be concluded that
the cyclic nucleotide interactome is contaminated by abundant
proteins that interact with similar ligands such as ADP and
GDP. This, together with the high affinity of the beads toward
PKG and PKA, makes the sequential elution protocol a perfect
tool to further clean up the immobilized fraction.

Analysis of the cGMP/cAMP Interactome in Heart Tissue.
With the newly developed elution protocol established, we set
out to analyze the cGMP/cAMP interactome in rat ventricular
heart tissue using the same 2-AH-cGMP beads and the same
experimental protocol described above. The resulting 1D gel

for the affinity pull-down in the rat ventricular heart tissue is
shown in Figure 4a. Again, from lane 1 it is evident that 2-AH-
cGMP-beads pull a specific protein fraction from the heart
lysate that shows both similarities and differences to the one
in HEK293 cells. First all proteins immobilized on the beads
prior to using the sequential elution procedure were analyzed
by cutting lane 1 into 15 gel pieces (B1-B15), as depicted.
Because we now used the nanoLC-LTQ-FT-MS/MS system
for identification, hundreds of proteins, varying in abundance
and thus also in MASCOT scores were identified. We set up a
protocol to filter out the background (nonspecific binding
proteins) and low abundant proteins. Following analysis of the
peptides by LC-LTQ-FT-MS/MS, all individual MASCOT data
files were first put into the Scaffold software program (www-
.proteomesoftware.com). This program then provided a second
search algorithm (X-Tandem) that was applied to the data files.
Introducing a threshold minimum of 2 unique peptides with a
95% confidence and a total protein identification confidence
of 99%, a protein identification dataset of 339 nonredundant
proteins was realized. The Scaffold software was also used to
exclude keratins and other background proteins, based on the
fact that they were found to elute in more than two sections

Figure 3. (A) Silver stained SDS page gel of HEK293 lysate treated with 2AH-cGMP beads resulted in a specific pulled down fraction
(lane 1) that was sequentially eluted with ADP (lane 2), GDP (lane 3), cGMP (lane 4) and cAMP (lane 5), to yield the PKA/PKG enriched
fraction remaining on the beads (lane 6). Abundant proteins annotated in this figure correspond to the identifications reported in the
Supporting Information table; H1 Actin cytoplasmic, H2 Nucleoside diphosphate kinase (NDPK) A, H4 Eukaryotic translation elongation
factor (eEF) 1R, H5 eEF1â, H6 Valyl tRNA synthetase, H7 eEF1γ, H8 NDPK B, H9 eEF1δ, H10 R-actinin, H11 Heat shock protein 70kDa,
H12 PKA R IR, H19 PKG IR. (B) Classification of pulled down proteins (lane 1), based on their ligand binding properties. (C) Sequential
elution profile of some typical high abundant proteins.
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cut out of the 1D gel, reducing the identification number to
223 proteins. The relative abundance of a protein in our dataset
cannot be directly conferred from its protein MASCOT score
because it is generally acknowledged that larger proteins yield
more peptides resulting in a higher MASCOT score. To gain
semiquantitative insight into the relative abundance of the
proteins in the data set, we applied a data filtering method,
whereby we took into account the amount of unique peptides
and the mass of each protein. A variation on a similar approach
previously described by others.47,48 The procedure was as
follows: proteins with a molecular weight of 100kDa or more
were required to be present with at least 10 unique peptides,
p < 0.01, MASCOT score >34 per peptide. Between 10 and 100
kDa, the minimum amount of unique peptides was set at MW/
10 000, with a stringent minimum of 4 peptides for every
protein. This means for instance at least 4 peptides for a 20
kDa protein, 5 peptides for a protein between 45 kDa and 54
kDa, and 7 peptides for a protein with a mass around 70 kDa.
This stringent filtering procedure enables a better comparison
between proteins with a high and a low MW. After applying
this filtering method, a list of the most abundant pulled-down
rat proteins was realized that contained 76 proteins (R1-R76).
These are depicted in Table 1, where these proteins are ordered
according to a sequence coverage and abundance factor,
calculated by dividing the MW by the amount of MASCOT mass
queries (p < 0.01). This we assume to be a reasonable measure
of relative abundance.47,48 In agreement with this procedure
we observe that proteins in the top of the list indeed correspond
to pronounced bands in lane 3 of the 1D gel; NDPK B (R1)
corresponds with the band in gel piece B15, Glycogen phos-
phorylase (R3), corresponds to the band observed in gel piece
B4. The presence of PKA RI (R2) and RII (R4) and PKG (R7) in
the top 10 of this list indicates that these proteins are, as
expected, well-retained in our protocol and are expressed in
the rat heart ventricular tissue.

All annotated protein molecular weights (MWs) seem to
correspond with their position on the gel. Exceptions are
highlighted in the table. An example is the annotation of eEF1γ
(R10) that was observed in band B6, with an apparent mass of
50 kDa on the gel. In the IPI-RAT database, this protein was
annotated with a MW of 72 381 Da (IPI00470317), however, no

eEF1γ was observed in band B4 around 70 kDa. In the SWISS-
PROT database, the correct mass of 49 930 (Q68FR6) has been
assigned to this gene in agreement with the position on the
1D gel.37 The SWISS-PROT annotation lacks the N-terminal 210
amino acids from the IPI-RAT database annotated gene. In
addition, none of the peptides matched to eEF1γ were present
in this N-terminal part, strongly suggesting that the currently
annotated mass in the IPI-RAT database is incorrect. Again,
all proteins in the dataset were annotated for their possible
nucleotide and or DNA binding preferences as described above.
These data are also depicted in Table 1 and in Figure 4B.

Comparison of the cAMP/cGMP Interactome in Rat Ven-
tricular Heart Tissue and HEK293 Cells. The presence of PKG
(R7) and PKA (R2, R4) in the rat ventricular heart tissue was
immediately confirmed from our data. For PKG we only
observed the IR-isoform, as in the HEK293 cells. The regulatory
domain of PKA was as expected present in two different
isoforms; IR and IIR, since these two isoforms are reported to
be most abundant in the mammalian heart.49 Besides PKG and
PKA, several other proteins were observed in both HEK293 cells
and rat ventricular tissue. The eEF1H complex (R6, R8, R9, R10,
and R15) was pulled-down in the heart tissue, consisting of
the same subunits, and again eluting preferentially in the GDP
fraction. In the heart tissue, we also detected another aminoa-
cyl-tRNA syntase, cysteinyl-tRNA synthase (CysRS) (R45), a
homologue of ValRS.50 NDPK B (R1) was detected, however,
NDPK A not. Another isoform of a NDPK could be identified
as NDPK3 or DR-NM23 (R16).

Interestingly, our pull-down approach seemed less “hin-
dered” by abundant cytoskeletal proteins in the rat heart tissue
when compared to the mammalian HEK293 cells. High abun-
dant HEK293 protein cytoplasmic actin (H1) (or â-actin) is
absent in the rat ventricular dataset, as are many of the other
in HEK293 pulled-down cytoskeletal proteins. It is possible that
actin present in heart tissue is much more constrained in the
highly ordered cytoskeletal network of cardiac muscle. These
forms of actin are less likely to be present in the soluble protein
fraction, and consequently also less in our pull down experi-
ment.

Abundant proteins in the rat heart tissue data set not
observed in the HEK293 data set, are isoforms of glycogen

Figure 4. (A) Silver stained SDS-page gel of rat ventricular tissue lysate treated with 2-AH-cGMP beads resulted in a specific pulled
down protein fraction (lane 1), that was sequentially eluted with ADP (lane 2), GDP (lane 3), cGMP (lane 4) and cAMP (lane 5), to yield
the PKA/PKG enriched fraction remaining on the beads (lane 6). Abundant proteins annotated in this figure correspond to the identification
reported in Table 1. (B) Classification of pulled down proteins (lane 1), based on their ligand binding properties.

Abundant AKAP SKIP Identified in Heart by Chemical Proteomics research articles

Journal of Proteome Research • Vol. 5, No. 6, 2006 1441



Table 1. Identified Proteins of 2AH-cGMP Pull Down in Rat Ventricular Tissue, Ordered According to MW/Amount of MASCOT
Queries

no. protein
SWISS

acc. no.
IPI rat.
acc. no. binds Mw

no. of
queries

unique
peptides

MASCOT
score

band
no.

Mw/
queries

R1 Nucleoside diphosphate kinase B P22392 IPI00188610 GDP/GTP/GMP 17254 102 13 792 15 169.2
R2 cAMP-dependent protein kinase type RIR P10644 IPI00654466 AKAP/cAMP 42919 122 31 1940 6 351.8
R3 Glycogen phosphorylase, muscle form P11217 IPI00190181 ADP/ATP/AMP 97063 163 60 3516 3 595.5
R4 cAMP-dependent protein kinase type RIIR P13861 IPI00365600 AKAP/cAMP 45494 74 30 1871 5 614.8
R5 Glutaryl-Coenzyme A dehydrogenase Q92947 IPI00476550 CoA 49265 63 30 1630 7 782.0
R6 Valyl-tRNA synthetase P26640 IPI00372557 eEF complex 141169 145 61 3739 2 973.6
R7 cGMP dependent kinase type IR Q13976 IPI00361251 cGMP 68256 70 30 1692 4 975.1
R8 Eukaryotic translation elongation factor 1δ Q96I38 IPI00199740 eEF complex 72207b 66 23 1557 8 1094.1
R9 Eukaryotic translation elongation factor 1â P24534 IPI00557435 eEF complex 24642 22 10 639 10 1120.1
R10 Eukaryotic translation elongation factor 1γ Q68FR6 IPI00470317 eEF complex 72381b 60 25 1446 7 1206.3
R11 Decorin precursor (Bone proteoglycan II) P07585 IPI00199861 ECM 39762b 31 18 1024 3 1282.6
R12 Acyl-CoA dehydrogenase, long-chain P28330 IPI00211225 CoA 47824 35 19 1304 7 1366.4
R13 Cpo protein, Coproporphyrinogen III

oxidase.
P36551 IPI00191745 Other/Unknown 93774b 57 28 1677 8 1645.2

R14 cGMP-dependent 3′,5′-cyclic
phosphodiesterase type 2A

O00408 IPI00199076 cGMP 104579 50 32 2155 3 2091.6

R15 Eukaryotic translation elongation factor 1R Q05639 IPI00568311 GDP/GTP/GMP 50404 24 16 875 5 2100.2
R16 Nucleoside diphosphate kinase DR-nm23 Q13232 IPI00198988 GDP/GTP/GMP 19059 9 6 350 14 2117.7
R17 LOC500183 protein Q7Z473 IPI00388002 Other/Unknown 25658 12 6 414 11 2138.1
R18 Glycogen phosphorylase, brain isoform P11216 IPI00357945 ADP/ATP/AMP 96659 41 18 1566 3 2357.5
R19 Polymerase I-transcript release factor Q6NZI2 IPI00201300 RNA 43864 18 14 888 5 2436.9
R20 Alpha Crystallin B chain heat shock

protein beta 5
P02511 IPI00215465 ADP etc via HSP 20058 8 5 304 13 2507.3

R21 Transcription factor A, mitochondrial
precursor (HMG protein)

Q00059 IPI00327334 RNA/DNA 28151 11 9 404 12 2559.2

R22 Histone H1.2 P16403 IPI00231650 RNA/DNA 21825 8 7 490 10 2728.1
R23 ANP32B (PHAPI2/APRIL) Q92688 IPI00564251 RNA/DNA 31024 11 6 428 9 2820.4
R24 Heat Shock Protein 70 kDa P38646 IPI00363265 ADP/ATP/AMP 73780 26 21 1405 4 2837.7
R25 Nuclease sensitive element binding

protein 1
P67809 IPI00551815 RNA/DNA 35691 12 10 619 6 2974.2

R26 Heterogeneous nuclear
ribonucleoprotein M

P52272 IPI00209148 RNA 74283 24 22 1153 4 3095.1

R27 Acyl-CoA dehydrogenase family
member 8

Q94KU7 IPI00360664 CoA 28069 9 6 338 8 3118.8

R28 Sphingosine kinase type 1-interacting
protein (181kDa protein)

Q6NSW3a IPI00362975 AKAP 181171 57 45 2983 1 3178.4

R29 Triosephosphate isomerase P60174 IPI00231767 Other/Unknown 26755 8 7 386 11 3344.3
R30 Transcription factor Pur-beta Q96QR8 IPI00189358 RNA/DNA 33494 10 9 482 8 3349.4
R31 Ca/calmodulin-dependent 3′,5′-cyclic

nucleotide phosphodiesterase 1A
P54750 IPI00189442 cGMP 61806 18 14 901 5 3433.7

R32 Hypoxanthine-guanine phospho-
ribosyltransferase

P00492 IPI00464890 GDP/GTP/GMP 24444 7 5 330 11 3491.9

R33 UBF2 of Nucleolar transcription
factor 1

P17480 IPI00566459 RNA 84897 23 21 1020 3 3691.2

R34 Pyridoxal kinase O00764 IPI00372837 Other Adenine like 34868 9 7 443 9 3874.2
R35 Death associated protein 3 P51398 IPI00564895 GTP/GDP/GMP 44448 11 10 665 8 4040.7
R36 Nucleophosmin P06748 IPI00382264 RNA 32522 8 8 427 8 4065.2
R37 Mitogen-activated protein kinase 1,

Erk
P28482 IPI00562552 ADP/ATP/AMP 41231 10 9 507 7 4123.1

R38 Cysteine and glycine-rich protein 3 P50461 IPI00198497 ECM/Cytoskeleton 20771 5 4 225 14 4154.2
R39 Lupus La protein homolog P05455 IPI00471902 RNA 47730 11 11 656 7 4339.1
R40 Glypican-1 precursor (Heparan

sulfate proteoglycan core protein)
P35052 IPI00194930 ECM 61677 14 10 623 1 4405.5

R41 Igj_predicted protein P01591 IPI00363901 Other/Unknown 17755 4 4 230 12 4438.7
R42 Dehydrogenase/reductase, SDR

family member 6
Q9BUT1 IPI00201136 Other Adenine like 27642 6 6 387 13 4607.0

R43 Trifunctional enzyme beta subunit P55084 IPI00198467 CoA 51364 11 10 539 7 4669.4
R44 Glycogen synthase kinase-3â P49841 IPI00569456 AKAP binding protein 46695 10 8 431 7 4669.5
R45 Cysteinyl-tRNA Synthetase P49589 IPI00563516 eEF complex 94801 19 18 1001 3 4989.5
R46 A-Kinase anchor protein 2 (AKAP-

KL)
Q9Y2D5 IPI00390678 AKAP 96046 19 16 971 2 5055.0

R47 Nucleosome assembly protein 1-like
4 (NAP2)

Q99733 IPI00327185 RNA/DNA 47256 9 9 490 6 5250.7

R48 Myosin light polypeptide 3 P08590 IPI00231788 ADP via Myosin 21993 4 4 235 12 5498.3
R49 Nucleolin P19338 IPI00198884 RNA 77212 14 13 682 4 5515.2
R50 Immunoglobulin (LOC314521 protein) Q96EY0 IPI00560817 Other/Unknown 68300 12 9 527 4 5691.7
R51 Hypothetical protein (hnRNP-Dlike) na IPI00363719 RNA 35254 6 6 282 8 5875.7
R52 Ca/calmodulin-dependent 3′,5′-cyclic

nucleotide phosphodiesterase 1C
Q14123 IPI00198173 cGMP PDE 71870 12 8 572 4 5989.1

R53 Guanylate binding protein 1, interferon-
inducible

P32455 IPI00363520 GDP/GTP/GMP 90848 15 12 617 4 6056.6

R54 cGMP-specific 3′,5′-cyclic phospho-
diesterase type 5A

O76074 IPI00328073 cGMP 94478 15 13 808 3 6298.5

R55 Predicted similar to RIKEN cDNA
2810422B04

Q96EY7 IPI00204675 Other/Unknown 66230 10 7 449 4 6623.0

R56 3-ketoacyl-CoA thiolase P42765 IPI00201413 CoA 41827 6 6 363 7 6971.1
R57 Homologue of zebrafish ES1 P30042 IPI00191783 RNA/DNA 28137 4 4 183 11 7034.2
R58 U2 small nuclear ribonucleoprotein

polypeptide A
P09661 IPI00192279 RNA/DNA 28282 4 4 178 10 7070.5

R59 Tubulin â2 P07437 IPI00400573 Other/Unknown 49751 7 7 348 5 7107.3
R60 Acyl-CoA dehydrogenase, very-long-

chain
P49748 IPI00213057 CoA 71227 10 9 599 5 7122.7
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phosphorylase (R3, R18) and a large range of Coenzyme-A
(CoA) binding proteins (e.g., R5, R12, and R27). CoA also
contains an adenine moiety, explaining its presence in our
dataset. The phosphorylases are very important for energy
supply to the cardiac muscle by regulating the glucose-to-
glycogen ratio of the cell.

The significance of cAMP and cGMP signaling in ventricular
tissue, is reiterated, not only by the presence of PKA and PKG,
but by a much higher diversity of cyclic nucleotide binding
proteins and their known binding partners. Besides PKG several
cGMP binding phosphodiesterases (PDEs) were detected (R14,
R31, R52, R54, and R63), among which was the cGMP stimu-
lated PDE5 (R54), the target of sildenafil in the treatment of
erectile dysfunction. Most interestingly, several indirect binding
proteins were also detected, among them several PKA anchor-
ing proteins; AKAPs (e.g., R46, R65).

cGMP Interacting Proteins. Besides the expected cGMP
binding kinase PKG (R7), a distinct other group of cGMP
regulated proteins was detected, the phosphodiesterases (PDEs).
Three members of the PDE family were identified: PDE1 (R31,
R52, and R63), PDE2 (R14), and PDE5 (R54). PDEs are the
endpoint of cyclic nucleotide signaling as these proteins
degrade cAMP to AMP and cGMP to GMP. PDEs form an
intriguing group of proteins that intersect between the cAMP
and cGMP pathway. Some PDEs are selective in the degradation
of cAMP (e.g., PDE4), others are selective for cGMP (e.g., PDE5),
while several do not significantly distinguish between cAMP
or cGMP (e.g., PDE1, PDE2).51 The most abundant PDE in our
pull down is PDE2. All three known human splice isoforms of
PDE2 originate from a single gene.52 This PDE is selectively
activated by cGMP, but hydrolyzes both cAMP and cGMP.
cGMP stimulation takes place through binding of it to the
N-terminal regulatory domain, also annotated as a GAF do-
main. It is therefore likely that PDE2 interacts with our cGMP-
beads through the GAF-domain of the PDE. PDE2 was reported
to be expressed in rat, bovine and human cardiac tissue,
consistent with its presence in our pull down.52 The three splice
forms of PDE2 differ at the N-terminal domain. However from
the limited number of PDE2 peptides we sequenced with MS,
we could not unambiguously determine which splice variants
were present. PDE1 is known to exist in three distinct isoforms

in most mammals, 1A, 1B, and 1C.51 Previously, it has been
shown that mRNA of 1B53and 1C54 is present in cardiac
myocytes. Here we confirm that all three PDE1 isoforms are
present in heart tissue, as specific peptides for each isoform
were identified (data not shown). The third observed PDE
family member is PDE5. This cGMP stimulated, cGMP-selective
PDE is mainly found in lung,55 platelets and vascular smooth
muscle, but our data clearly reveal the presence of PDE5 also
in rat ventricular tissue. PDE5 contains two GAF-domains in
its N-terminus that strongly regulate its activity. An additional
feedback mechanism is imposed by PKG that phosphorylates
PDE5 at the first GAF-domain, making it more susceptible for
cGMP stimulation.56

The fact we did not observe any of the described membrane
incorporated cGMP-gated ion channels is likely due to the
absence of these particulate proteins in our soluble lysate
fraction or their potential low expression levels in heart.

cAMP Interacting Proteins. Besides the expected two types
of cAMP dependent kinase, PKA (IR, R2 IIR, R4), a distinct other
group of proteins was detected in our pull down, the PKA
anchoring proteins, or AKAPs. Fink et al.57 showed the high
importance of PKA-AKAP binding in the function of the heart.
Most AKAPs tether PKA RII, although also dual specificity
AKAPs (D-AKAPs) and RI specific AKAPs have been identified.9

PKA RII, and to a lesser extent, RI are highly spatially regulated
by their binding to different AKAPs, which in their own right
can act as scaffolds for binding other proteins as well. To date,
as far as we know, 12 AKAPs have been identified in heart
tissue: AKAP1 (D-AKAP1), AKAP5 (AKAP79), AKAP6 (mAKAP),
AKAP7 (AKAP18), AKAP8 (AKAP95), AKAP9 (yotiao), AKAP10 (D-
AKAP2), AKAP11 (AKAP220), AKAP12 (gravin), AKAP13 (AKAP-
Lbc, Ht31), BIG2, and ezrin.15

In our experiments, four AKAPs earlier described as being
expressed in cardiac cells or tissue were detected; AKAP1 (R73),
AKAP7 (R65), AKAP10 (R70), and AKAP11 (R74). An AKAP not
previously reported to be expressed in heart was also identified;
AKAP2 (R46), also known as AKAP-KL.58 Possibly most interest-
ing is the identification and relative high abundance of SKIP
(R28) (Sphingosine Kinase Interacting Protein 1) in our pull
down. In mouse, SKIP was earlier described to have sequence

Table 1. (Continued)

no. protein
SWISS

acc. no.
IPI rat.
acc. no. binds Mw

no. of
queries

unique
peptides

MASCOT
score

band
no.

Mw/
queries

R61 Glyceraldehyde-3-phosphate
dehydrogenase

P00354 IPI00561110 Other Adenine like 35664 5 5 324 8 7132.8

R62 J domain of DnaJ-like-protein 1 Q8WXX5 IPI00215575 ADP via R24 29942 4 4 196 9 7485.6
R63 Ca/calmodulin-dependent 3′,5′-cyclic

nucleotide phosphodiesterase 1B
Q01064 IPI00199077 cGMP PDE 61203 8 6 355 5 7650.4

R64 Heterogeneous nuclear ribo-
nucleoprotein R

O43390 IPI00564342 RNA 70812 9 6 346 4 7868.0

R65 A-kinase anchor protein 7 (AKAP18
gamma/delta isoform)

O43687 IPI00421609 AKAP 39375 5 5 253 7 7875.1

R66 hnRNP U (SP120) Q00839 IPI00210090 RNA 87676 11 11 559 3 7970.5
R67 32 kDa protein (hnRNPA2/B1) Q99729 IPI00212969 RNA 32431 4 4 193 8 8107.6
R68 ATP synthase, H+ transporting,

gamma polypeptide 1
Q5VYP3 IPI00396906 ADP/ATP/AMP 32957 4 4 195 10 8239.3

R69 Perlecan (heparan sulfate proteoglycan 2) P98160 IPI00388323 ECM 505873 61 54 3183 1 8293.0
R70 A-Kinase anchor protein 10 (D-AKAP2) O43572 IPI00471827 AKAP 75351 9 8 389 4 8372.3
R71 Glycogen branching enzyme Q04446 IPI00560733 ADP via R3 58815 7 7 450 4 8402.1
R72 Tripartite motif protein 26 Q99PN3a IPI00422036 RNA/DNA 62574 7 7 330 5 8939.1
R73 A-kinase anchor protein 1 (D-AKAP1) Q92667 IPI00231915 AKAP 91672 9 9 509 3 10185.8
R74 A-kinase anchor protein 11 (AKAP220) Q94KA4 IPI00607183 AKAP 228165 17 14 797 2 13421.5
R75 Myosin heavy chain, cardiac muscle

R-isoform
P13533 IPI00476111 ADP/ATP/AMP 223352 16 16 934 1 13959.5

R76 Glycogen Debranching Enzyme P35573 IPI00373422 ADP via R3 174202 12 12 591 2 14516.8

a SWISS-PROT accession numbers from human, as no available in rat. b Molecular weights in bold are masses that contradict with the mass observed by the
position on the gel.
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homology to AKAP 11. Our data ascertain SKIP to be a real and
abundant AKAP in rat ventricular tissue, detected with about
50 peptides.

New AKAP in Heart and Elucidation of Splice Variants of
Several AKAPs. On the basis of the amount of unique peptides,
the PKA RII binding AKAP2 (AKAP-KL, R46) seems to be an
abundant soluble AKAP in rat heart tissue. Previously, AKAP2
has been assigned as an actin cytoskeletal binding AKAP, with
a very specific tissue distribution in the particulate fractions
of mouse lung, thymus, cerebellum and kidney.58 In kidney,
AKAP2 was only observed in the nonsoluble, particulate frac-
tions of the tissue lysate. Interestingly, Dong et al. did not find
AKAP2 in the particulate fraction of mouse heart by western
blotting.58 In contrast, we find AKAP2 to be a relatively high
abundant protein in the soluble fraction of rat ventricular
tissue.

By analyzing the MS data in more detail, we could distinguish
the presence of several specific splice isoforms of certain AKAPs.
For AKAP7, the position on the gel around 40 kDa determined
that the heavy splice variants γ, and/or δ are present in our
data set.59 For AKAP1, we could determine the presence of
splice isoform 1c.60,61 Interesting for AKAP11 was the presence
of a binding partner, other than PKA, in our data; glycogen
synthase kinase-3â (GSK3â)62

SKIP, Sphingosine Kinase Interacting Protein 1 is a Genu-
ine AKAP. SKIP, or sphingosine kinase interacting protein 1
(R28), was recently identified by yeast-2-hybrid screening as
an anchoring protein for sphingosine kinase 1 (SPHK1) in
mouse.72 According to Northern blot analysis, expression of
SKIP was highest in heart, but it was also found to be present
in spleen, ovary, and brain.72 When analyzing the MS spectra
of SKIP peptides by MASCOT in combination with the IPI-
Rat database, two protein annotations for SKIP were suggested.
The first annotated as 181 kDa protein (IPI00476739, SKIP-
L(ong)), the second as Predicted: similar to SKIP (IPI00362975)
with a calculated mass of 151 kDa (SKIP-S(hort)). Both se-
quences were aligned using ClustalW and it became clear that
the sequence of SKIP-L was extended at both N- and C-
terminus (amino acids (aa) 1-115 and 1464-1653, respectively)
compared to SKIP-S (Figure 5A). Interestingly, both sequences
had unique sequence stretches in the part between aa 115-
1464. SKIP-S had a 20 aa stretch inserted between position
609 and 610 of SKIP-L. SKIP-L’s amino acids 228-230 were
absent in SKIP-S. In the MS data, both shared 39 unique
peptides, also depicted in Figure 5A. In addition, we discovered
6 peptides to be unique for the SKIP-L and 3 peptides
encompassing the 20 amino acid stretch unique for SKIP-S
(Figure 5A). These data pointed toward the presence of two
SKIP splice forms in rat heart, or a redundant false annotation
of either protein in the IPI-Rat database. In the nonredundant
SWISS-PROT database, only mouse SKIP (mSKIP) is annotated
(Q6NSW3, 181 kDa, Figure 5A). This sequence was highly
identical to SKIP-L, as it contained 228-230 and lacked the 20
amino acid stretch from SKIP-S. When the human isoform
(hSKIP), obtained by BLAST analysis of SKIP-L was also aligned,
we observed that hSKIP contained both unique sequences.
These data could indicate the presence of two isoforms, or
could indicate that the hSKIP sequence is the only accurate
sequence of a SKIP protein. Since no SKIP specific high affinity
antibody is available yet for Western blotting, we could not
resolve this issue.

It was also reported previously that the C-terminal domain
(aa 1107-1656) of mSKIP shares 35-40% identity to AKAP11

in mouse.72 BLAST analysis of the C-terminal domain of SKIP-L
(aa 1505-1637) revealed it to be homologue to the rat isoform
of AKAP11 (gi|62661753), with 32% identity and 53% similarity.

Although SKIP shows a partly similar sequence to AKAP11,
no association of PKA with SKIP has been described. Since in
our experiments SKIP, and AKAP11, co-purify with PKA, and
are also retained on the 2-AH-cGMP beads after the elution
protocol, we now provide evidence that SKIP is a true AKAP.
The presence of SKIP in the soluble fraction of the heart
ventricular lysate is in close agreement with confocal micros-
copy experiments performed by Lacaná et al., who observed
SKIP to be mainly cytosolic and nuclear excluded in NIH 3T3
fibroblast cells, despite the presence of suspected nuclear
localization sequences.72 To really define SKIP as an AKAP, the
amphipathic helix that comprises the anchoring domain has
to be present. We applied a bioinformatics tool to localize this
domain; a motif based hidden Markov model (HMM).35,36 When
constructing the motif from 13 different known AKAP anchoring
sequences34, one motif was found (Figure 5B), encompassing
18 amino acids with an information content of 27.1 bits and
an E-value of 4.6 × 10-16. Depicted is the obtained sequence
logo, in which the size of the letters represents the importance
of a specific amino acid at a certain position. Previously, the
importance of hydrophobic residues at position 6, 9, 10, 14,
and 17 was established,34,73 which is also illustrated by our
model in which all of these positions are hydrophobic. The
obtained consensus sequence that was constructed for the
HMM-motif was as follows: TLEEYANRLVQNVIQMAV. Rep-
resentation of this motif in a helical wheel (Figure 5D, left
wheel) shows that all hydrophobic residues are present on one
side of the helix while charged residues were mainly found on
the other side, making it an amphipathic helix model sequence.
To increase the confidence that our model could indeed predict
AKAP sequences, we constructed a fasta database of 1000
random protein sequences and spiked it with several different
AKAP sequences. All AKAP sequences in this database were
matched to the HMM-motif, whereas the others were not,
confirming the validity of the obtained model (data not shown).
When the HMM-motif was applied to a fasta database contain-
ing SKIP-L, SKIP-S, mSKIP, and hSKIP, a conserved amino acid
stretch that bears high similarity to the other anchoring
sequences was discovered (Figure 5A and C). We strongly
suggest that this sequence represents SKIP’s amphipathic helix
that anchors PKA. This is further illustrated by the helical wheel
representation of SKIP-L 909-923 in Figure 5D, that also shows
a hydrophobic and a hydrophilic side, that is required for
interaction with PKA’s docking domain, as described earlier.16

The presence of SKIP in our pull down experiment, together
with its co-purification in the PKA fraction, remaining on the
beads after the different elution steps and the presence of a
conserved anchoring domain, classifies SKIP as a true AKAP.
Further studies should elucidate SKIP’s function in heart, where
we show it to be highly expressed.

Possible Role for SKIP. The observed high abundance of
SKIP in our pull-down hints at a potential specific function for
this sphingosine kinase and PKA interacting protein in heart
tissue. On the basis of the currently available literature it is
tempting to speculate on a possible role of SKIP as a converging
scaffold of both cAMP and sphingosine signaling.

Sphingosine kinase type 1 (SPHK1) mediates the levels of
two sphingolipids; sphingosine and sphingosine-1-phosphate
(S1P). SPHK1 phosphorylates sphingosine to form S1P. The
former has pro-apoptotic properties, while the latter shows
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Figure 5. (A) Sequence alignment of 4 different SKIP isoforms. Also depicted are all peptides observed by mass spectrometry that could be matched to both
SKIP rat isoforms in the IPI-Rat database (solid lines), or matched uniquely to SKIP-L (long dashed lines) or SKIP-S (short dashed lines). The proposed amphipathic
anchoring helix is boxed. (B) Sequence logo of the 18 amino acid hidden Markov model (HMM) AKAP motif. In this representation, larger amino acid codes
represent higher conservation of this particular amino acid at a certain position. Depicted on top is the resulting HMM sequence, representing the optimized
AKAP consensus motif. (C) Alignment of the anchoring domains (amphipathic helices) of AKAPs Ht31, MAP2, AKAP18, and AKAP220 with our HMM model
consensus sequence and the proposed anchoring sequences of SKIP. Conserved hydrophobic residues, essential for interaction with PKA, are boxed. (D) Helical
wheel representation of the HMM model consensus sequence and the proposed amphipathic helix of SKIP. Hydrophobic residues are depicted in gray.
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anti-apoptotic behavior. Therefore it is believed that the bal-
ance between these two sphingolipids, which is mediated by
SPHK1, is a strong determinant of cell fate. Not surprising, SP-
HK1 is implicated to be an oncogene as overexpression of SP-
HK1 results likely in increased levels of S1P, which in turn pro-
motes cell survival and protects cells from apoptotic insults.74

Furthermore, it has recently been established that cAMP-
induced differentiation of human leukemia cells (HL60) to
granulocytes goes through the MEK/ERK pathway and that this
is mediated by increased SPHK1 activity.75 Also, increased
expression of SKIP reduces SPHK1 activity, indicating that SKIP
might function as a SPHK1 activity switch.72 We show that SKIP
is an AKAP and since AKAPs seem to mediate almost any form
of cAMP/PKA signaling, it does not seem unlikely that SKIP
would be mediating cAMP induced activation of SPHK1, or
sphingosine induced activation of PKA. In agreement with the
latter hypothesis, Ma et al. showed that phosphorylation of the
multifunctional adaptor protein 14-3-3ú by PKA is initiated by
sphingosine, but not by cAMP.76 14-3-3 family proteins are
phosphoserine-binding proteins that interact with and modu-
late the functions of many key cellular proteins involved in
proliferation, cell survival and cell cycle control.77 These
considerations make the finding of Erk (R37) in our pull down
experiment potentially interesting, as it may hint toward
complex formation of important cell differentiating factors on
SKIP, including the three kinases ERK, PKA and SPHK1. All of
these results indicate that SKIP may act as a converging scaffold
of both cAMP and sphingosine signaling, although more
functional studies should be undertaken to validate this
hypothesis.

Conclusion

We developed a comprehensive chemical proteomics ap-
proach that may be used to efficiently enrich cGMP and cAMP
binding proteins, and their possible binding partners, from
complex cellular lysates and heart tissue. By using a sequential
elution protocol, further specific enrichment could be achieved
as cross-interacting nucleotide binding proteins could be pre-
eluted by utilizing their higher affinity for their natural ligands,
such as ADP and GDP. Applying this approach to the analysis
of the cGMP/cAMP “interactome” in rat heart ventricular tissue
enabled the specific pull-down of known cAMP/cGMP binding
proteins such as cAMP and cGMP dependent protein kinases
PKA and PKG, several phosphodiesterases and six AKAPs, that
interact with PKA. Most of these AKAPs were described earlier
to be present in cytosolic extracts. Among the latter class of
proteins was the highly abundant, so far only theoretically
suggested AKAP, sphingosine kinase type1-interating protein
(SKIP). Our data, backed up by bioinformatics analysis endorses
that SKIP is indeed a genuine PKA interacting protein. We
suggest that SKIP may act as a converging scaffold linking cAMP
and sphingosine signaling pathways.
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