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Background: Protein kinase compartmentalization through anchoring proteins provides spatiotemporal specificity.
Results: Competitive elution combined with cyclic nucleotide affinity enrichment identifies HAP1 as a putative novel PKG
anchoring protein (GKAP).
Conclusion: Secondary structure predictions, in vitro binding studies, and site-directed mutagenesis define the binding domain
and classify HAP1 as a GKAP specifically anchoring PKG I�.
Significance: The repertoire of PKG anchoring proteins is expanded, enforcing that also PKG signaling is tightly spatiotempo-
rally regulated.

Protein-protein interactions are important in providing com-
partmentalization and specificity in cellular signal transduc-
tion. Many studies have hallmarked the well designed compart-
mentalization of the cAMP-dependent protein kinase (PKA)
through its anchoring proteins. Much less data are available on
the compartmentalization of its closest homolog, cGMP-depen-
dent protein kinase (PKG), via its own PKG anchoring proteins
(GKAPs). For the enrichment, screening, and discovery of
(novel) PKA anchoring proteins, a plethora of methodologies is
available, including our previously described chemical pro-
teomics approach based on immobilized cAMP or cGMP.
Although this method was demonstrated to be effective, each
immobilized cyclic nucleotide did not discriminate in the
enrichment for either PKA or PKG and their secondary interac-
tors. Hence, with PKG signaling components being less abun-
dant in most tissues, it turned out to be challenging to enrich
and identify GKAPs. Here we extend this cAMP-based chem-
ical proteomics approach using competitive concentrations
of free cyclic nucleotides to isolate each kinase and its sec-
ondary interactors. Using this approach, we identified Hun-
tingtin-associated protein 1 (HAP1) as a putative novel
GKAP. Through sequence alignment with known GKAPs and
secondary structure prediction analysis, we defined a small
sequence domain mediating the interaction with PKG I� but
not PKG I�. In vitro binding studies and site-directed
mutagenesis further confirmed the specificity and affinity of
HAP1 binding to the PKG I� N terminus. These data fully

support that HAP1 is a GKAP, anchoring specifically to the
cGMP-dependent protein kinase isoform I�, and provide fur-
ther evidence that also PKG spatiotemporal signaling is
largely controlled by anchoring proteins.

Signaling pathways are largely organized into complex and
versatile transduction units, each tailored to respond optimally
to a particular signal. These dynamic units consist of compart-
mentalized anchoring hubs harboring a combination of signal-
ing proteins to ensure spatiotemporal control of signaling. One
of the best characterized models for compartmentalization
through protein-protein interactions is the large family of pro-
tein kinase A-protein kinase A anchoring protein (PKA-
AKAP)3 complexes. At present more than 40 mammalian genes
encoding AKAPs are known with each AKAP harboring spe-
cific isoforms of PKA in addition to other signaling proteins
such as phosphodiesterases and phosphatases (1, 2). Unique
targeting domains on each AKAP direct PKA signaling mod-
ules toward specific subcellular compartments, thereby provid-
ing a mechanism that positions PKA in proximity of its anchor-
ing proteins (3, 4). PKA exists as a heterotetramer consisting of
a regulatory subunit dimer (PKA-R) of which each PKA-R binds
a catalytic subunit (PKA-C). The molecular basis of PKA-
AKAP complexes is a hydrophobic groove formed at the
dimerization interface of PKA-R. This constitutes a docking
site for the hydrophobic edge of a small three- to four-turn
amphipathic �-helix present in each AKAP (5–7).

In mammalian cells, the three isoforms of cGMP-dependent
protein kinase, also known as protein kinase G (PKG and cGK),
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are the closest homologs of PKA (8). The domain architecture
of PKG is largely identical to PKA except for the fact that PKG
exists as a homodimer in which regulatory and catalytic
domains reside on a single subunit and, more importantly, its
molecular mechanism of dimerization is very different. At the
N terminus of PKG, the monomers are held together by a hep-
tad repeat leucine zipper, whereas PKA-R dimerizes with a very
different fold called the X-type four-helix bundle. This suggests
that, although PKA and PKG are close homologs, they differ
entirely in the domains mediating their intracellular localiza-
tion through binding to anchoring proteins. This difference in
localization mechanism may well be the basis for the molecular
segregation of cAMP and cGMP signaling in vivo.

Mammalian cells express three PKG isoforms: type I PKG
(PKG I), which exists as two different splice variants of the same
gene (PKG I� and PKG I�) (9, 10), and type II PKG (PKG II)
(11). All the PKG isoforms share the same domain organization
with the earlier mentioned N-terminal dimerization domain
followed by a regulatory domain with an autoinhibitory
sequence, two cooperative cyclic nucleotide binding domains,
and a catalytic domain. Although being similar folds, the leu-
cine zipper of the three PKG isoforms share only a little
sequence similarity, suggesting different localization behavior
of the three isoforms. PKG localization via binding to protein
kinase G anchoring proteins (GKAPs) is mediated by its N ter-
minus, and the handful of GKAPs found thus far indeed show
specificity for different PKG isoforms (12–16). This is again
similar to how AKAPs interact with respect to different iso-
forms of PKA regulatory subunits (5, 17, 18).

In particular, MYPT1 and GKAP42 bind to PKG I� (19 –21),
IRAG and TFII-I are specific for PKG I� (12, 22), whereas
Rab11b forms a complex with PKG II (23). Given the low num-
ber of GKAPs known, there is still no convincing definition of a
common PKG I/GKAP binding domain. Therefore, it is essen-
tial to identify additional GKAPs, elucidate their binding mech-
anism(s), and study their role in vivo.

Over the years, overlay assays and yeast two-hybrid screens
have been used for the discovery of many new AKAPs (24, 25)
and some GKAPs (21) with varying success. More recently,
chemical proteomics-based mass spectrometry approaches
have provided an alternative to investigate kinase signaling (26,
27). Chemical proteomics enabled the discovery of new anchor-
ing proteins while preserving the native structure of the pro-
teins and their interactions with small molecules and scaffold
proteins. Particularly, immobilized cAMP on agarose beads
played a pivotal role in the identification and characterization
of several new AKAPs. However, all these studies focused on
PKA and AKAPs (18, 28, 29) and not on PKG and new GKAPs.

Due to the high similarity between both the second messen-
ger molecules cAMP and cGMP and their main target sites on
PKA and PKG, the binding constants of cAMP and cGMP for
PKG only differ by �100-fold in favor of cAMP (30). The same
holds true for PKA and cGMP. Therefore, there has always been
speculation about the occurrence of (in vivo) cross-reactivity
(31). An argument against this hypothesis is the tight localiza-
tion of the kinases via anchoring proteins close to their desig-
nated pools of cAMP or cGMP, which should largely minimize
this event from occurring in vivo. In chemical proteomics

experiments, in vitro enrichment by immobilized cAMP or
cGMP leads to the simultaneous pulldown of both PKA and
PKG possibly due to the high local concentration of the cyclic
nucleotide on the resin.

Here we describe an extension of our previously described
cAMP-based chemical proteomics method using in-solution
competition with a low dose of free cAMP or cGMP, which
allows us to dissect PKA- and PKG-driven signaling complexes.
Affinity purification followed by mass spectrometry analyses of
these competed pulldowns in rat lung tissue led to the selective
enrichment of known GKAPs along with a putative novel
GKAP candidate, Huntingtin-associated protein 1 (HAP1).
Follow-up experiments presented here establish HAP1 as a
novel GKAP and highlight the potential of our novel chemical
proteomics methodology for discovery of GKAPs in other cells
and tissue.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—HEK293 and COS-7 cells
were grown at 37 °C with 5% CO2 in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and 1% pen-
icillin/streptomycin. HEK293 cells were grown to 80% conflu-
ence and then harvested with trypsin. Cells were washed in PBS,
snap frozen in liquid nitrogen, and kept at �80 °C until use.
COS-7 cells were grown to 70% confluence and transfected
using PolyFect according to the manufacturer’s protocol for the
specific cell type (Qiagen).

Sample Preparation and Pulldowns—HEK293 and COS-7
cells were lysed with a Dounce homogenizer in ice-cold PBS
supplemented with 0.1% Tween 20 and protease and phospha-
tase inhibitors. Lysates were centrifuged at 20,000 � g for 10
min at 4 °C. Prior to the pulldown assay, ADP and GDP were
added to the lysate to a final concentration of 10 mM. For the
HEK293 cells, the lysate was divided into three equal fractions
of 10 mg. One was supplemented with cAMP (10 �M final con-
centration), one was supplemented with cGMP (10 �M final
concentration), and the third sample was used as a control. The
three samples were then incubated for 30 min at 4 °C under
agitation. 8-AHA-cAMP-agarose beads (Biolog, Germany)
were added to the lysates at a ratio of 1:100 (�l of dried beads:�g
of protein) and incubated at 4 °C for 2 h. The 8-AHA-linked
cAMP-agarose beads have been described before and were cho-
sen because they enable the pulldown of the PKA regulatory
subunits and exhibit somewhat lower affinity for PKA than
other commercially available cAMP-coupled beads (28). After
the incubation, the beads were washed three times with 1 ml of
ice-cold lysis buffer containing the above mentioned concen-
trations of either free cAMP or free cGMP or normal lysis
buffer for the control. Beads were subsequently washed three
times with 1 ml of ice-cold PBS before protein elution using
SDS sample buffer at 95 °C. The eluted proteins were separated
by 4 –12% SDS-PAGE (Bio-Rad) and subjected to in-gel diges-
tion. Briefly, the proteins were reduced with dithiothreitol (Sig-
ma-Aldrich), alkylated with iodoacetamide (Sigma-Aldrich),
and digested with sequencing grade modified trypsin (Pro-
mega) prior to analysis by LC-MS/MS (32).

Rat Lung Tissue—Lungs originating from 6-month-old male
Wistar rats were excorporated, frozen in liquid nitrogen, and
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stored at �80 °C until use. Protein isolation was achieved by
cooling the tissues in liquid nitrogen followed by pulverization
in a precooled custom-made steel mortar. The powdered tis-
sues were then taken up in ice-cold lysis buffer, and 15 mg of
protein lysate (1.5 times more than for the HEK293 lysate) was
subjected to the same procedure as described above for the
HEK293 cell lysates.

LC-MS/MS Analysis—LC-MS/MS analysis was performed
using an Agilent 1100 series liquid chromatography system
equipped with a 20-mm Aqua C18 (Phenomenex, Torrance,
CA) trapping column (packed in house; inner diameter; 100
�m; resin; 5 �m) and a 400-mm ReproSil-Pur C18-AQ analyti-
cal column (packed in house; inner diameter; 50 �m; resin; 3
�m). Trapping was performed with 5 �l min�1 solution A (0.6%
acetic acid) for 10 min. Peptide elution was achieved with a
linear gradient from 13 to 32% solution B (80% acetonitrile,
0.6% acetic acid) in 60 min at a flow rate of 100 nl min�1

obtained by passively splitting the flow from 0.6 ml min�1.
Nanospray was achieved using a distally coated fused silica
emitter (New Objective, Cambridge, MA; outer diameter, 360
�m; inner diameter, 20 �m, tip inner diameter, 10 �m) biased
to 1.8 kV. The LC system was coupled to an LTQ-Orbitrap
Discovery or LTQ-Orbitrap Velos mass spectrometer (Thermo
Electron, Bremen, Germany). 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 were acquired from m/z 350 to m/z 1500 in the
Orbitrap. The five most intense ions were fragmented in the
linear ion trap using collision-induced dissociation at a target
value of 10,000. Peak lists were generated using Proteome Dis-
coverer (version 1.3, Thermo Scientific, Bremen, Germany)
using a standardized work flow. Peak lists generated in Pro-
teome Discoverer were searched against the Swiss-Prot
database (taxonomy, human; 20,407 protein entries) or the
International Protein Index (rat 3.36; 42,689 protein entries)
supplemented with frequently observed contaminants using
Mascot (version 2.3.02, Matrix Science, London, UK). The
database search parameters were as follow: a mass tolerance of
50 ppm for the precursor ions and �0.6 Da for the fragment
ions. Enzyme specificity was set to trypsin with two missed
cleavages allowed. Carbamidomethylation of cysteines was set
as a fixed modification, and oxidation of methionine was used
as a variable modification. Search results were filtered by using
a 5% false discovery rate at the peptide-spectrum match (PSM)
level (33). In addition, the results were filtered using the follow-
ing criteria: (i) Mascot ion score of at least 20, (ii) minimum of
six amino acid residues per peptide, and (iii) maximum search
engine rank of 1. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (34) via
the PRoteomics IDEntifications (PRIDE) partner repository
with the data set identifier PXD001434. The protein interac-
tions from this study have been submitted to the International
Molecular Exchange (IMEx) Consortium through IntAct (35)
and assigned the identifier IM-23267.

DNA Constructs and Site-directed Mutagenesis—PKG I� and
PKG I� plasmids tagged with GFP were gifts from Robert Feil
(Universität Tübingen, Tübingen, Germany) (36). HAP1 and a
shorter sequence of HAP1, amino acids 157–386, tagged with

DsRed were gifts from Edward Schmidt (Montana State Uni-
versity, Bozeman, MT) (37). The double site mutation K567A/
R568A was introduced in the HAP1 plasmid using the
QuikChange mutagenesis kit using the protocol provided by
the manufacturer (Agilent Technologies).

In Vivo Interaction Studies—Transfections were performed
in COS-7 cells. HAP1 was co-transfected with PKG I� or PKG
I�. The shorter version of HAP1 (amino acids 157–386) and the
double point mutant of HAP1 were co-transfected with PKG
I�. The cells were harvested 24 – 48 h post-transfection, and
pulldowns were performed on 4 mg of protein lysate as
described above using 8-AHA-cAMP-agarose beads. After sep-
aration by SDS-PAGE, the bound proteins were transferred
onto PVDF membrane. Blots were incubated with rabbit anti-
PKGI (Abcam; 1:1000) and mouse anti-HAP1 (Novus Biologi-
cals; 1:5000). After several washes, the blots were incubated
with appropriate Cy3- and Cy5-labeled secondary antibodies
(GE Healthcare), and detection was performed on a Typhoon
9400 imager (Amersham Biosciences).

GKAP Binding Domain Secondary Structure prediction and
Docking Study—Secondary structure prediction of IRAG,
TFII-I, and HAP1 domains that bind to PKG I� were obtained
with the NetSurfP program (38). The PKG I� crystal structure
of the N terminus was retrieved from the Protein Data Bank
(code 3NMD) and used with the predicted GKAP secondary
structures for docking prediction (39).

Fluorescence Anisotropy—The dimer of the PKG I� leucine
zipper (LZPKG I�; amino acids 4 –55), a kind gift from Dr. C.
Kim (Baylor College of Medicine, Houston, TX), was purified as
described previously (40). The GKAP interaction domains
of IRAG (EAKLVSERFLTRRGRKSRSSPGESS; amino acids 164–
188) and HAP1 (QQLSNWQDAHSKRQQKQKVVPKDSP;
amino acids 556–580) were tagged N-terminally with 5-car-
boxytetramethylrhodamine. A mutated version of the HAP1
peptide (QQLSNWQDAHSAAQQKQKVVPKDSP; amino acids
556–580) together with a scrambled peptide (EAQEELAWKIAK-
MIVSDIMQQAQY) were also tagged and used as controls. All
peptides were synthesized at the peptide facility of the Netherland
Cancer Institute (Amsterdam, The Netherlands). Binding affinity
assays between these peptides and the LZPKG I� dimeric domains
were performed as described by us previously (29).

RESULTS

Competitive Chemical Proteomics Enables the Selective Iden-
tification of GKAPs—Previous chemical proteomics experi-
ments based on various immobilized cAMP or cGMP analogs
revealed not much specificity for either PKA or PKG (41– 43).
Often, in cell lines, PKG is expressed at a lower level when
compared with PKA. Therefore, the search for novel GKAPs
using a chemical proteomics methodology is severely ham-
pered by co-purification of the more abundant PKA pathway
components.

Here we investigated the use of in-solution competition with
free cAMP to compete for PKA binding to the resin while
retaining binding of PKG and its putative binding partners.
Because the affinity of cAMP for PKG is �100-fold weaker than
for PKA and vice versa for cGMP and PKA (30), we sought to
selectively occupy the cyclic nucleotide binding motifs of either
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PKA or PKG prior to the pulldown performed by using the
8-AHA-linked cAMP-agarose beads. Based on these data, we
first aimed to identify the appropriate concentration of cAMP.
In addition, we also used different competing concentrations of
cGMP to investigate the effect on isolating PKA pathway com-
ponents. A concentration range of cAMP and cGMP was spiked
into a HEK293 cell lysate, and subsequently an 8-AHA-cAMP
pulldown was performed. A control experiment without added
competing cyclic nucleotides was performed in parallel (Fig.
1A). It could be deduced that the most effective concentration
of cAMP/cGMP to compete off either PKA or PKG was 10 �M

(Fig. 1B). Although in the control experiment both PKA and
PKG were captured, supplementing 10 �M cAMP to the lysate
resulted in the complete abolishment of PKA binding while
maintaining PKG association to the resin. In the reverse exper-
iment, 10 �M cGMP resulted in the opposite effect: full abolish-
ment of PKG binding without affecting PKA interactions (Fig.
1B). To investigate this with more sensitivity, we performed
in-gel digestion and mass spectrometry analysis of the control
and the two 10 �M cyclic nucleotide (cAMP and cGMP) gel
lanes. This resulted in the cumulative identification of 246 pro-
teins under these three different conditions (i.e. no competi-
tion, supplemented with cAMP, or supplemented with cGMP)
(supplemental Table 1A). To quantify the effectiveness of the
competition, we quantitatively compared the number of PSMs
between the cAMP-supplemented pulldown and the cGMP-
supplemented pulldown (Table 1). This quantitation revealed
that PKA and all AKAPs were completely competed off the
beads by 10 �M cAMP, whereas PKG binding was entirely
retained (Table 1). When comparing with the control experi-
ment, competing for binding of either PKA or PKG also
increased our spectral and peptide coverage on the enriched
kinase and its binding partners and thus our depth of analysis
on both sides of the experiment.

These experiments in HEK293 cells revealed that selectivity
could be achieved in our pulldowns as numerous AKAPs could
be specifically pulled down; albeit we did not identify any (puta-
tive) GKAPs in these experiments. Nevertheless, these data
indicate that enriching for PKG while competing for PKA/
AKAP binding is a promising tool to screen cells and tissues for
novel putative GKAPs.

Following the optimization of the protocol in HEK293 cells,
we extended our analysis to (rat) lung tissue, which attractively
also has PKG present at a relatively high abundance. The setup
was identical to that used for the HEK293 experiments (Fig. 1A)
such that again the pulldowns supplemented with cAMP and
cGMP could be quantitatively compared using spectral counts
(Table 2). Fortuitously, we were now able to selectively enrich
not only PKG but also a known GKAP, IRAG. Among the other
proteins competed by 10 �M cGMP and thus co-enriched with
PKG (supplemental Table 1B), we identified HAP1. HAP1 is
involved in a protein complex with Huntingtin and the type 1
inositol 1,4,5-trisphosphate receptor in an altered neuronal
Ca2� signaling pathway (44). Interestingly, IRAG and thus also
PKG are located nearby the type 1 inositol 1,4,5-trisphosphate
receptor, which upon phosphorylation by PKG reduces the
intracellular calcium release from intracellular storage sites
(12).

To further validate the interaction between HAP1 and PKG,
HAP1 was co-expressed with either PKG I� or PKG I� in
COS-7 cells. Subsequently, a pulldown using 8-AHA-cAMP
beads was performed. The proteins eluted from the beads were
analyzed by SDS-PAGE and immunoblotting with antibodies
against HAP1 and PKG I. These assays clearly revealed that
HAP1 was not enriched by the cAMP-resin when co-expressed

FIGURE 1. A, competitive chemical proteomics workflow used for the identi-
fication of new GKAPs. In the control, no cyclic nucleotide is added to the
lysate, whereas cAMP and cGMP are added to the lysate to selectively enrich
for PKG and its interactors and PKA and its interactors, respectively. B, Coo-
massie staining of the proteins pulled down by using 8-AHA-linked cAMP-
agarose beads in HEK293 cells with increasing amounts of cyclic nucleotide
added to the lysate. Adding 10 �M cGMP resulted in a complete removal of
PKG. A similar scenario was observed for the pull downs performed in the
presence of 10 �M cAMP, indicating that the PKA regulatory subunits and
their interactors were competed off the beads.
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TABLE 1
Specificity of primary and secondary cAMP- and cGMP-interacting proteins enriched by using 8-AHA-cAMP beads in HEK293 lysates
The three columns represent the detection of proteins bound onto the beads and in the control lysates and those supplemented with either 10 �M cAMP (�cAMP) or 10
�M cGMP (�cGMP). Listed are the numbers of unique peptides and PSMs found for each protein in each of the experiments. Preferential cGMP targets are reported in
green, whereas cAMP-preferred targets are shown in orange. -indicates undetected proteins.

TABLE 2
Specificity of primary and secondary cAMP- and cGMP-interacting proteins enriched by using 8-AHA-cAMP beads in rat lung tissue lysates
The three columns represent the detection of proteins bound onto the beads and in the control lysates and those supplemented with either 10 �M cAMP (�cAMP) or 10
�M cGMP (�cGMP). Listed are the numbers of unique peptides and PSMs found for each protein in each of the experiments. Preferential cGMP targets are reported in
green, whereas cAMP-preferred targets are shown in orange. Within the preferred cGMP targets, we identified Mrvi1 (IRAG), the known interactor of PKG I� and HAP1,
the here presented putative novel GKAP. -indicates undetected proteins.
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with PKG I�, but it was selectively enriched in the presence of
PKG I� (Fig. 2). This suggests that HAP1 and PKG I� are inter-
acting in the context of the cell and that the interaction found in
the proteomics studies is specific.

HAP1 Harbors a Domain with Sequence Similarity to Known
PKG I�-selective GKAPs—As only the N terminus is spliced
differently between PKG I� and PKG I�, it may harbor the basis
for the observed GKAP isoform specificity. Ammendola et al.
mapped the interaction between PKG I� and IRAG in detail
(45), whereas Casteel et al. identified the region in TFII-I inter-
acting with PKG I� (22). Mutating basic residues (into alanine)
in the IRAG anchoring domain caused disruption in PKG bind-
ing, suggesting that electrostatic interactions play an important
role in the PKG I�-GKAP interaction. In addition, the basic
residues in the TFII-I binding domain interact with the acidic
residues in the N terminus of PKG I�. Although the anchoring
domains of IRAG and TFII-I are known, with only two such
domains, it is not yet possible to clearly define a PKG binding
motif using bioinformatics tools such as the hidden Markov
model, which successfully defined the PKA binding motif for
several AKAPs (28, 46, 47). Considering the fact that HAP1
binds only to the � isoform of PKG and knowing the anchoring
sequences of IRAG and TFII-I, we aligned HAP1 with the bind-
ing domains of IRAG and TFII-I to screen for a region that
showed at least a similar charge distribution. The alignment
revealed the presence of a region rich in basic residues close to
the C terminus of HAP1 (amino acids 565–580) with resem-
blance to the IRAG sequence and to the TFII-I binding domain,
albeit for the latter in a reverse configuration (Fig. 3A), provid-
ing us the hypothesis that this could be the HAP1 anchoring
motif to PKG I�. The alignment of the three protein sequences
displays a clear pattern of basic residues that are involved in the
interaction with PKG I�. BLAST analysis of this HAP1 domain
revealed strong sequence conservation across several mam-
mals, suggesting the importance of these basic amino acid res-
idues (Fig. 3B).

Docking of IRAG, TFII-I, and HAP1 Anchoring Domains onto
PKG I�—Recently the crystal structure of LZPKG I� has been
reported (40). We used this structure to first model the binding
of the two known I�-specific GKAPs, IRAG and TFII-I, onto
the N terminus of PKG I� using molecular dynamic calcula-
tions by HADDOCK (39). We then compared these results with
the docking of the proposed interaction site of HAP1. The mod-

eling data suggested that TFII-I exhibits the strongest modeled
affinity (HADDOCK score, �102 � �9) for PKG I� followed
by HAP1 (�92 � 5) and IRAG (�86 � 1) (Fig. 4A). As the
anchoring domain of each GKAP is positioned a bit diagonally
across the leucine zipper interface, they do not make similar
contacts on either monomer (Fig. 4A). Nonetheless, the inter-
action sites of PKG I� with each GKAP studied here were iden-
tical: Glu-27 and Glu-31 on one monomer and Glu-29, Asp-33,
and Asp-36 (Fig. 4, B–D) on the other monomer of LZPKG I�.
Moreover, TFII-I shows an additional interaction with Asp-26
as also reported by Casteel et al. (22). Our prediction shows not
only that TFII-I has the strongest docking score but that it is
also bound backward in sequence with respect to HAP1 and
IRAG in agreement with our (reverse) sequence alignment.

Interaction of HAP1 with the Leucine Zipper of PKG I�
Takes Place at the C Terminus of HAP1—To firmly establish
that the HAP1 region at the C terminus interacts with the
N terminus of PKG I� as suggested by HADDOCK, we per-
formed in vitro binding affinity assays. We probed the
binding between LZPKG I� and the 25-residue-long 5-
carboxytetramethylrhodamine-tagged GKAP anchoring se-
quences of HAP1 (QQLSNWQDAHSKRQQKQKVVPKD-
SP), IRAG (EAKLVSERFLTRRGRKSRSSPGESS), a scram-
bled peptide (EAQEELAWKIAKMIVSDIMQQAQY), and
the anchoring sequence of HAP1 with the Lys-12 and Arg-13
mutated into alanine (QQLSNWQDAHSAAQQKQKVVP-
KDSP) as control peptides using fluorescence anisotropy.
The in vitro assay, carried out in triplicate, clearly demon-
strated the high affinity binding of HAP1 peptide fragment
to the N-terminal domain of PKG I� (Fig. 5A) with a Kd of
around 15 nM, i.e. in the range of that of the peptide used for
IRAG (positive control; 25 nM), whereas the scrambled pep-
tide (negative control) and the mutated HAP1 peptide did
not bind to PKG I� (Fig. 5B) in line with the modeling data.

After establishment of the putative anchoring domain in
vitro, we sought to verify that the HAP1 region from residues
556 to 580 is essential for the binding to PKG I� also in a cellular
context. Following an approach similar to that of Casteel et al.
(22) determining the residues involved in the binding of IRAG

FIGURE 2. HAP1 interacts specifically with the PKG I� isoform. Western
blot analysis of pulldowns performed in COS-7 cells co-expressing HAP1
alone or with either PKG I� or PKG I� is shown. The blots from the lysate show
the expression of the proteins in the cells, whereas the pulldown with the
8-AHA-linked cAMP-agarose beads shows that HAP1 co-precipitates selec-
tively with PKG I�.

FIGURE 3. A, alignment of the established IRAG and the reverse TFII-I binding
domains to PKG I� with the HAP1 region predicted to bind to PKG I�. These
two sequences show a high degree of similarity regarding the position of the
basic and acidic residues. The basic residues are highlighted in red, and the
acidic residues are highlighted in purple. B, sequence alignment of the human
HAP1 region binding to PKG I� with various orthologs in other mammalian
species. : and . indicate similarity, and * indicates identity. The residues are
color-coded as follows: orange, aliphatic; red, polar; light blue, Ser/Thr/Tyr;
green, bulky; and blue, Gly/Pro.
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and TFII-I to PKG I�, we decided to create a double mutant of
the HAP1 construct to show that the interaction of HAP1 with
the N terminus of PKG I� relies on particular electrostatic
interactions. Therefore, we mutated two consecutive basic res-
idues, K567A and R568A, in the HAP1 anchoring domain. Also
a truncated version of HAP1 lacking the C terminus (amino
acids 157–386) was used. PKG I� was co-expressed either with
HAP1 (control), mutated HAP1 (K567A and R568A), or trun-
cated HAP1 in COS-7 cells. Subsequently, a cAMP pulldown
was performed (Fig. 6). The double mutated HAP1 and the

truncated version of HAP1 did not bind to PKG I�, further
establishing that the basic amino acid stretch located at the C
terminus of HAP1 is crucial for binding to PKG (Fig. 6). All
these data combined led us to the conclusion that HAP1 is a
novel genuine GKAP with the same specificity and docking
sites as the related GKAPs IRAG and TFII-I.

DISCUSSION

Although there is clear proof that they do exist, evidence for
protein scaffolds involved in spatiotemporal cGMP/PKG I sig-

FIGURE 4. Known and predicted GKAP anchoring domains modeled onto the surface of PKG I�. A, the overlay of HAP1(red), TFII-I (purple), and IRAG (yellow)
shows a binding mode similar to the leucine zipper domain of PKG I� (blue). None of the GKAP anchoring domains show a full helical structure. Close-up views
of HAP1 (B), TFII-I (C), and IRAG (D) interacting with the dimerization domain of PKG I� are shown. The interactions take place at Glu-29 and Asp-36 of PKG with
the positive charged residues of the GKAPs. E, helicity prediction of the PKG I� binding domains of HAP1, TFII-I, and IRAG. The plot shows how the helical
potential decreases after the KR/RR residues in all the protein sequences (residues 572/571, 567/568, and 175/176, respectively). Mutation of the basic residues
can influence the helical potential of the proteins and be part of the cause of the disruption of the binding of the GKAPs to PKG I�.
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naling is still scarce. Here, by using an efficient competitive
chemical proteomics approach, we identified a new GKAP
expressed in mammalian (rat) lung tissue. The affinity capture
method used is based on cAMP- and cGMP-coupled resins that
were shown previously to enrich both PKA and PKG and their
respective interactors. This is caused by the high concentration
of the immobilized cyclic nucleotide (6 mM) on the agarose
beads needed to achieve efficient pulldown results (28). Such
concentrations exceed the physiological cyclic nucleotide con-
centration by at least 3 orders of magnitude (48) as well as the
Ka for both PKA and PKG (30). Therefore, here we set out to use
a specific elution protocol with free cyclic nucleotides to selec-
tively isolate the interactome of PKG. After optimization of the
protocol in HEK293 cells, we were able to extend it to rat tissue
and enrich for and identify HAP1 as a putative GKAP along
with the known GKAP IRAG.

The few described GKAPs are often found to interact selec-
tively with one of the two isoforms of PKG I (12, 19, 21, 49), and
the specificity depends on the charge distribution at the PKG I
N terminus. Indeed, Casteel et al. (22) investigated in detail how
PKG I� interacts with its GKAPs TFII-I and IRAG, showing
that the presence of the negatively charged residues (Asp-26,
Glu-27, Glu-29, and Glu-31) on the PKG I� N terminus is cru-
cial for the interaction with the positively charged residues on
the GKAPs. The N-terminal domain of PKG I� contains a
highly charged sequence with basic residues with the conse-
quent different overall charge distribution and topology when
compared with the PKG I� isoform. Still, the positively charged
residues on PKG I� (Lys-37 and Lys-39) in the LZ domain also
are essential for the formation of the complex with the PKG
I�-specific GKAP MYPT1 (13).

These differences between the two isoforms with the oppo-
site charge state distribution may be the origin of the specificity
of GKAPs for a single PKG I isoform. An additional proof of the
relative importance of the charge distribution on the LZ
domain of PKG determining the interaction with GKAPs has
been published recently (23). PKG II shows a completely differ-
ent amino acid sequence and charge distribution when com-
pared with the PKG I isoforms, and the crystal structure of the
PKG II leucine zipper-Rab11b complex shows that PKG II
binds to Rab11b mainly through van der Waals forces instead of
electrostatic interactions.

Here we demonstrated that HAP1, similarly to the previously
discovered GKAPs, is selective for a single isoform, PKG I�.
Using molecular modeling, we hypothesized how the negatively
charged residues on PKG I� may interact with a positively
charged sequence in the known GKAPs (IRAG and TFII-I) to
accommodate the binding. With these data as a starting point
and the crystal structure of the PKG I� N-terminal leucine zip-
per (40), we used HADDOCK to perform docking studies with
the HAP1 binding sequence and compared it with the two
known PKG I�-specific GKAPs. After overlaying the three
docking studies, we propose that TFII-I binds backward in
comparison with IRAG and HAP1. This is further supported by
the alignment of TFII-I with IRAG and HAP1 where there is
much more consensus for the reverse TFII-I sequence (Fig. 3A).
Our modeling results reveal that the interactions of each GKAP
with PKG I� take place in a similar manner. Indeed, the Glu-29,
Asp-33, and Asp-36 on one PKG I monomer interact with Gln-
572 and Lys-573 on HAP1 (Fig. 4B); with Arg-566, Lys-569, and
Arg-571 on TFII-I (Fig. 4C); and with Arg-174 and Ser-176 on
IRAG (Fig. 4D).

The presence and order of these basic residues in this region
of HAP1 structurally align with those present in the PKG I�
binding domains of IRAG and TFII-I (Figs. 3A and 4). A quite
surprising result was that neither of the GKAP anchoring
sequences displayed a full helix as each of them contains a small
knick. Indeed, the helical potential of each GKAP obtained
from the secondary structure prediction (38) decreases radi-
cally after the initial KR/RR sequence (Fig. 4E). We hypothesize
that, besides the change in charge-bearing amino acids, the
mutations we made onto the HAP1 sequence may increase the
helical potential of the sequence stretch, which would then fur-
ther disturb the binding of the GKAPs to PKG. Through the
double mutation of Lys-567 and Arg-568 to alanine or the dele-

FIGURE 5. A, binding affinity of HAP1 peptide (black) mimicking its proposed anchoring domain to the leucine zipper of PKG I� by fluorescence anisotropy. IRAG
peptide binding to PKG I� was used as a positive control. The peptides were tagged with 5-carboxytetramethylrhodamine with excitation at 535 nm and
emission at 580 nm. B, Kd values and relative standard deviations (n � 3). MUT, mutant.

FIGURE 6. PKG I� binds exclusively to HAP1 harboring the predicted
anchoring domain. Western blot analysis of lysates and proteins pulled
down with the 8-AHA-linked cAMP-agarose beads in COS-7 cells co-express-
ing PKG I�-GFP plasmid with (i) the HAP1-DSRed construct (Control), (ii) the
HAP1-DSRed bearing the double mutation K567A/R568A, and (iii) the C-ter-
minal truncated HAP1-DSRed construct (HAP1 amino acids 157–386) is
shown. Pulldowns also were performed in non-transfected cells and cells
transfected with only PKG I� or HAP1 as negative controls.

HAP1 Is a GKAP

7894 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 12 • MARCH 20, 2015



tion of the HAP1 C terminus, we showed that this region is
essential for binding to PKG I�.

In summary, the here presented chemical proteomics-mass
spectrometry-based approach is a valid method for the identi-
fication of novel PKG anchoring proteins directly in any cell or
tissue lysate. Defining HAP1 as a novel GKAP, anchoring spe-
cifically to the cGMP-dependent protein kinase isoform I�,
provides further proof for the fact that PKG spatiotemporal
signaling is, in analogy to that for its sister kinase PKA, princi-
pally controlled by a wide family of known and yet to be discov-
ered protein kinase G anchoring proteins.
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