Research

Selectivity in Enrichment of cAMP-dependent
Protein Kinase Regulatory Subunits Type | and
Type Il and Their Interactors Using Modified
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cAMP regulates cellular functions primarily by activating
PKA. The involvement of PKAs in various signaling path-
ways occurring simultaneously in different cellular com-
partments necessitates stringent spatial and temporal reg-
ulation. This specificity is largely achieved by binding of
PKA to protein scaffolds, whereby a distinct group of pro-
teins called A kinase anchoring proteins (AKAPs) play a
dominant role. AKAPs are a diverse family of proteins that
all bind via a small PKA binding domain to the regulatory
subunits of PKA. The binding affinities between PKA and
several AKAPs can be different for different isoforms of the
regulatory subunits of PKA. Here we employ a combination
of affinity chromatography and mass spectrometry-based
quantitative proteomics to investigate specificity in PKA-
AKAP interactions. Three different immobilized cAMP ana-
logs were used to enrich for PKA and its interacting pro-
teins from several systems; HEK293 and RCC10 cells and
rat lung and testis tissues. Stable isotope labeling was used
to confidently identify and differentially quantify target pro-
teins and their preferential binding affinity for the three
different cAMP analogs. We were able to enrich all four
isoforms of the regulatory subunits of PKA and concomi-
tantly identify more than 10 AKAPs. A selective enrichment
of the PKA Rl isoforms could be achieved; which allowed us
to unravel which AKAPs bind preferentially to the Rl or RIl
regulatory domains of PKA. Of the twelve AKAPs detected,
seven preferentially bound to RIl, whereas the remaining
five displayed at least dual specificity with a potential pref-
erence for Rl. For some of these AKAPs our data provide
the first insights into their specificity. Molecular & Cellular
Proteomics 8:1016-1028, 2009.
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cAMP is an ubiquitous second messenger that transduces
signals from a variety of hormones, neurotransmitters, and
inflammatory mediators to regulate a large number of key
cellular processes. cAMP can influence cell growth, differen-
tiation, and movement as well as regulating specialized ac-
tions unique to specific cell types. The principal target of
cAMP is cAMP-dependent protein kinase (PKA)'. Several
other proteins such as cyclic nucleotide gated ion channels
(1), phosphodiesterases (PDE) (2), and guanine nucleotide
exchange factors (Epac) (3) bind cAMP. Interestingly, local-
ized pools of cAMP regulate defined physiological events. It
appears that for such events a supramolecular complex is
required that comprises of the appropriate effector system
together with signal termination enzymes such as PDEs and
phosphatases that are sequestered by scaffolding proteins
(4). Some of the best described scaffolding proteins are the
so-called A-kinase anchoring proteins (AKAPs), which all bind
specifically to the N-terminal dimerization domain of the PKA
regulatory domain. The organization of a few of these individ-
ual supramolecular complexes containing PKA/AKAPs/PDE
etc. has been described (4); numerous more of such com-
plexes are expected to exist.

The regulatory domains of mammalian PKAs exist in several
isoforms such as Rle, RIB, Rlla, and RIIB, which are all en-
coded by separate genes. The two major isoforms i.e. RI
and Rl differ in molecular weight, isoelectric point, amino acid
sequence, phosphorylation status, tissue distribution, and
sub-cellular localization. Rl and RIl subunits are known to bind
to AKAPs with distinct levels of affinity adding another level of

" The abbreviations used are: PKA, cAMP-dependent protein ki-
nase; AKAP, A kinase anchoring protein; PDE, phosphodiesterases;
Epac, guanine nucleotide exchange protein directly activated by
cAMP; PKG, cGMP-dependent protein kinase; LC, liquid chromatog-
raphy; TBS, Tris-buffered saline; C2, 2-(6-aminohexlylamino)adenosine-
3’, 5'-cyclic monophosphate, immobilized on agarose; C8, 8-(6-ami-
nohexylamino)adenosine-3’, 5’-cyclic monophosphate, immobilized
on agarose; GC8_OCH;, 8-(6-aminohexylamino)-2’-O-methylad-
enosine-3’, 5’'-cyclic monophosphate, immobilized on agarose; i.d.,
inner diameter; FT-MS, Fourier transform mass spectrometry; LC-
MS, liquid chromatography mass spectrometry; 1D, one-dimensional.
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intracellular organization for PKA and also facilitating the di-
versity of the cAMP-mediated signal transduction pathways.
Although the PKA-R isoforms differ in functionality, they share
a similar overall organization i.e. a dimerization domain, the
catalytic subunits inhibitor region, and two cAMP binding
domains. The two cAMP binding domains differ in cAMP
binding kinetics and are known as site A and site B, respec-
tively (5). Both sites share considerable sequence identity, as
a result of a tandem gene duplication, and have conserved
phosphate binding cassettes that can be considered as sig-
nature motif for cAMP binding. The relative orientation of
these two sites is nonetheless, quite different in RI and RII.
Additionally, A and B sites have different binding affinity to
cAMP derivatives. Site A has a preference for N6-substituted
analogs whereas site B is preferred by C2- and C8-substi-
tuted analogs (6).

PKA has been studied extensively (7, 8). One of the impor-
tant goals therein is to develop different cAMP analogs that
can result in specific binding, activation, and/or inhibition for
each individual cAMP interaction site of the Rl and RIl iso-
forms (9). This can help to decipher in detail specific cyclic
nucleotide signaling pathways (10). To fully interpret such
pathways, analogs should ideally not cross-activate (or inhibit)
with other cAMP-regulated proteins such as the before men-
tioned PDEs, Epac, cyclic nucleotide gated ion channels, and
the cGMP-dependent protein kinase (PKG). Although the lat-
ter is mainly activated by cGMP, it also binds to cAMP (11,
12). It has been suggested that cGMP and cAMP can cross-
activate their respective kinases (13). This cross-talk between
PKA and PKG hampers, to some degree, the study of these
proteins individually, as dissecting the individual pathways of
PKA and PKG requires specific binders, activators, or inhibi-
tors (9, 14). Compared with PKA, PKG is involved in quite
different signaling pathways, such as the well characterized
nitric oxide-mediated relaxation of smooth muscle cells (15).

The development of synthetic cAMP and cGMP analogs as
tools to unravel specific signal transduction pathways re-
quires the sensitive identification and characterization of their
cyclic nucleotide interacting proteins. These proteins are typ-
ically relatively low abundant, and therefore specific enrich-
ment techniques are essential to study these so-called cyclic-
nucleotide interactomes. In recent years such affinity
enrichment techniques have been coupled to sensitive mass
spectrometric identification of the enriched proteins, nowa-
days often referred to as chemical proteomics. Chemical pro-
teomics using small molecules as baits, i.e. messenger mol-
ecules, drugs, or metabolites, becomes more and more
widely used to selectively isolate target proteins from whole
cell lysates enabling the analysis of protein subcomplexes
and/or signaling pathways (16, 17).

In the present study we compare the properties of three
cAMP analogs immobilized individually on agarose beads, for
enrichment, isolation, and detection of cyclic nucleotide inter-
acting proteins and their interaction partners, like AKAPSs,

directly from a crude lysate of cells and tissue. To quantify
differential affinity, we use a common strategy in proteomics,
namely stable isotope labeling, whereby we introduce the
label via reductive amination (18-20). Most interestingly, a
very selective enrichment of PKA Rl isoforms can be achieved
by using cAMP-agarose beads in which the hydroxyl group at
the 2' position on the ribose was replaced with a methoxyl
group. This allows us to distinguish, which AKAPs bind pref-
erentially to the Rl or RIl isoforms. Therefore, this approach
provides an elegant tool to further decipher specific cyclic
nucleotide signaling pathways.

EXPERIMENTAL PROCEDURES

Materials—The cAMP-coupled-agarose beads were purchased
from BIOLOG (Bremen, Germany). The amount of immobilized cyclic
nucleotide on the beads was ~6 umol/ml. Protease inhibitor mixture
was from Roche Diagnostics. All other chemicals were purchased
from commercial sources and were of analysis grade, unless stated
otherwise. Isotope-labeled CD,O formaldehyde (20% solution in D,0O)
was from Sigma-Aldrich. The rabbit polyclonal PKA Rla, Rlle anti-
bodies, and HRP-S-conjugated secondary antibody were from Santa
Cruz Biotechnology Inc. High purity water, obtained from a Milli-Q
system (Millipore, Bedford, MA), was used for all experiments.

Tissue and Cell Lysate Preparation—Lysate and tissue preparation
protocols were largely as described previously (17, 21). Briefly,
HEK293 cells (1.5 x 10° cells/ml) were lysed by dounce homogeni-
zation and were left on ice for 10 min. The soluble fraction was taken
after centrifugation at 20,800 X g for 10 min. The yield was ~8 mg of
protein, as determined by Bradford assay. For the tissue sample,
~800 mg of tissue was pulverized in a custom-made steel mortar,
which was pre-cooled with liquid nitrogen. Subsequently, 1 ml of
ice-cold lysis buffer (50 mm K,HPO,, pH 7.0, 150 mm NaCl. 0.1%
Tween 20, protease inhibitor mixture) was added, and the sample was
left at room temperature for 5 min. These treated tissue samples were
stored on ice for another 10 min. followed by the same procedure as
that for HEK293 cells. The final yield of protein was ~80 mg.

Pulldown Assay— Prior to pull down, a 50 ul dry volume of immo-
bilized cAMP beads (~300 nmol of cAMP) were washed with 1 ml of
phosphate-buffered saline buffer (50 mm K,HPO,, 150 mm NaCl). For
control, beads blocked by ethanolamine were used in a parallel
identical pulldown procedure. Prior to the pulldown assays, tissue
and cell lysates were incubated with 10 mm ADP/GDP and incubated
for 15 min at 4 °C to reduce nonspecific binding, mainly contributed
by ADP- and GDP-binding proteins (17, 21). cAMP-agarose beads
were added to the lysate in the volume ratio of 1:100 beads to lysate
ratio. The lysate-bead suspension was incubated for 2 h at 4 °C by
rotary shaking. The supernatant was collected as unbound fraction.
The bead bound fraction was washed in several steps with in total 12
ml of lysis buffer to further reduce nonspecific binding. Then the
bound fraction was eluted with 90 ul of 8 m urea for denaturing. After
digestion with LysC (Roche Diagnostics) for 4 h at 37 °C, reduction
and alkylation of the peptides were performed in 2 m urea, followed by
further digestion by trypsin (Roche Diagnostics). The dual protease
digestion procedure resulted in the detection of more peptides. Re-
producibility of the pulldown experiments was evaluated in the rat
testis tissue. The ratios observed in this duplicate experiment were
reproducible as they were within an experimental error of 10% (sup-
plemental Table S1).

Stable Isotope Labeling Strategy— The resulting peptides were de-
salted, dried in vacuo, and re-suspended in 100 ul of triethylammo-
nium bicarbonate (100 um). Subsequently, 4 ul of formaldehyde-H,
(4% v/v in water for light labeling) was added, vortexed for 2 min
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followed by the addition of 4 ul of freshly prepared sodium cya-
noborohydride (600 mm). The resultant mixture was vortexed for 5 min
at room temperature. 16 ul of ammonium hydroxide (1% in water) was
added to consume the excess formaldehyde, and 5% formic acid (in
water) was added to acidify the solution. For perdeutero-methylation
labeling, formaldehyde-D, (4% v/v in water) was used. The light H,-
and heavy D,-di-methyl-labeled samples were mixed in 1:1 ratio
based on the total protein input material for the pull down and dried
in vacuum and then re-dissolved in 5% acetonitrile containing 0.1
formic acid, prior to preparation for mass spectrometric analysis.
Protein Identification and Quantification—For mass spectrometric
analysis peptides were injected onto a nano-scale liquid chromatog-
raphy system. Therefore, an Agilent 1100 series liquid chromatogra-
phy system was equipped with an 20-mm Aqua C18 (Phenomenex,
Torrance, CA) trapping column (packed in-house, i.d., 100 um; resin,
5 wm) and a 250 mm ReproSil-Pur C18-AQ f analytical column
(packed in-house, i.d., 50 um; resin, 3 um). Trapping was performed
at 5 ul/min solution A (0.6% acetic acid) for 10 min, and elution was
achieved with a gradient of 0-32% solution B (80% acetonitrile, 0.6%
acetic acid) in 60 min, 32-40% solution B in 5 min, 40—100% solution
B in 2 min and 100% B for 2 min leading to a total analysis time of 90
min. The flow rate was passively split from 0.4 ml/min to 100 nl/min
when performing the elution analysis. Nanospray was achieved using
a distally coated fused silica emitter (New Objective, Cambridge, MA)
(outer diameter, 360 um; i.d., 20 um, tip i.d., 10 um) biased to 1.8 kV.
The LC system was coupled to a 7 Tesla Finnigan LTQ-FT ICR mass
spectrometer (Thermo Electron, Bremen, Germany). Briefly, the mass
spectrometer was operated in the data-dependent mode to automat-
ically switch between MS and MS/MS acquisition. Survey full scan
MS spectra were acquired from m/z 350 to m/z 1500 in the FT-ICR
with a resolution of r = 100,000 at m/z 400 after accumulation to a
target value of 2,000,000 in the linear ion trap. The five most intense
ions were fragmented in the linear ion trap using collisionally induced
dissociation at a target value of 10,000. Spectra were processed with
Bioworks 3.3 (Thermo, Bremen, Germany), and the subsequent data
analysis was carried out using the Mascot (version 2.1.0) software
platform (Matrix Science, London, UK) against the IPI-Rat database
version 3.19 (44845 protein sequences; 23003239 residues) allowing
1 missed cleavage, carbamidomethyl (C) as fixed modification, “light”
and “heavy” methylation of peptide N termini and lysine residues and
oxidation (M) as variable modifications. The peptide tolerance was set
to 10 ppm and the MS/MS tolerance to 0.9 Da. Proteins were orga-
nized using the scaffold software package. Quantification was per-
formed using MSQuant, which is a modified version of 1.4.2a. Peptide
ratios between the monoisotopic peaks of “normal” and “heavy”
forms of the peptide were calculated and averaged over consecutive
MS cycles for the duration of their respective LC-MS peaks in the total
ion chromatogram using only FT-MS scans; heavy and light labeled
peptides were found to co-elute. All data presented in this manuscript
is available in the pride database under the PRIDE experiment acces-
sion numbers (3706-3714) and project title name “Selectivity in en-
richment of PKA isoforms and their interactors”.
Immunoblotting— After separating the affinity purified proteins from
HEK293 cells on a 1D SDS-PAGE gel, they were transferred to
nitrocellulose membranes. Blocking was performed using a solution
of TBS (pH 7.5) containing 5% non-fat milk powder. The membranes
were then respectively incubated with the PKA Rla (goat polyclonal
antibody, PKA la reg (C-14): sc-18800; Santa Cruz Biotechnology) in
a dilution ratio of 1:100 and PKA Rll« (rabbit polyclonal antibody, PKA
lla reg (M-20): sc-30666; Santa Cruz Biotechnology) in a ratio of 1:100
for 1 h at room temperature. The membranes were washed for 40 min,
changing the TBS buffer every 10 min, and then incubated with an
HRP-conjugated secondary antibody (sc-2004 and sc-2768; Santa
Cruz Biotechnology) in a dilution ratio of 1:10,000 for 1 h at room

temperature. After washing the membrane with TBS buffer, the mem-
brane was subjected to chemiluminescence detection according to
the manufacturer’s protocol (ECL, Amersham Biosciences).

RESULTS

For the affinity purification of cAMP-interacting proteins,
various cAMP analogs are available. These cAMP analogs can
be immobilized to beads using different coupling positions
and different linkers. Here we chose to use agarose beads on
which cAMP was immobilized via an aminohexylamino spacer
that was attached to either the 8-position of the imidazole ring
or 2-position of the pyrimidine ring in the adenine moiety
(referred to further on as C8 for the 8-position-linked cAMP
analog; and C2 for the 2-position-linked cAMP analog). We
took a long chain spacer, as it is expected that the confor-
mational flexibility of the ligand is also increased by increasing
the chain length. In addition, we selected 8AHA-2'-O-Me-
cAMP-agarose beads (further referred to as C8_OCH,) in
which the hydroxyl group at the 2’-position on the ribose was
replaced with a methoxyl group. This modified cAMP analog,
which is thought to have specific activation characteristics for
EPAC1 (22), is linked to the agarose beads via a similar
1,6-diaminohexyl spacer at the C8-position of the adenine
ring. Finally, as a negative control we used beads that were
blocked by ethanolamine. The chemical structures of the
cAMP analogs immobilized on the beads are shown schemat-
ically in Fig. 1A.

Differential Affinity Enrichment of the cAMP Beads Visual-
ized by 1D Gel Analysis—In the first experiment, we divided
rat lung tissue lysate into four equal aliquots. These four
samples were individually incubated with the four different,
above-mentioned, affinity beads. Following incubation and
affinity purification, the enriched proteins were separated us-
ing SDS-PAGE. As shown in Fig. 1B, the gel obtained with the
control ethanolamine blocked beads (EtOH) did not show any
significant protein bands in contrast to protein bands that
were pulled down using the C8 beads, C2 beads and
C8_OCHg; beads, respectively. These three lanes clearly show
the high degree of selectivity obtained using our specific
enrichment, comparable with results reported previously (17).
Although the three gel lanes show high similarity, there are
also striking differences, especially in the molecular weight
region where the PKA RI and RIl subunits are expected. To
confidently identify these differences, we cut each of the four
lanes into 20 equal pieces and subjected them to LC-MS
analysis. The resulting mass spectra were analyzed using
MASCOT and organized using the Scaffold software package.
For confident identifications we set a threshold at a minimum
of 3 unique peptides with a peptide Mascot score of 30 (p <
0.05). Using these strict settings, we identified 56 proteins in
the C8 dataset, 62 proteins for the C2 gel lane, 40 proteins for
the C8_OCH; sample (supplemental Table S2), and no signif-
icant proteins in the control lane for the ethanolamine blocked
beads. The number of proteins detected is relatively low, but,
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as illustrated in supplemental Table S2, very specific. A large
fraction of proteins are ‘real’ cyclic nucleotide binding pro-
teins or interactors thereof. We attribute this to the fact that
we are able to significantly reduce ‘nonspecific’ binding pro-
teins by pre-clearing the lysates with ADP/GDP (17). To con-
fidently determine the relative affinity purification levels of
each protein with each of the four types of beads we chose to
use isotope labeling by chemical reductive dimethylation la-
beling (18-20).

Differential Affinity Enrichment Determined by Stable Iso-
tope Labeling Based Quantitative Proteomics— Stable isotope
labeling in combination with mass spectrometry is a very
elegant approach to quantify differential protein expression
(23, 24). To differentially quantify the protein abundance in
each pulldown fraction using the four different affinity beads,
we designed an experiment as depicted schematically in Fig.
2 and in more detail in supplemental Fig. S1. Following the
affinity pull down, we digested all proteins in-solution and
chemically labeled the tryptic peptides originating from the
pull down with C8 beads with perdeutero-formaldehyde. In
individual experiments, the peptides originating from the pull-
downs using C2, the C8_OCH, and the ethanolamine blocked
beads were chemically labeled using normal formaldehyde. In
dimethyl labeling, formaldehyde reacts with the N terminus
and the a-amino group of lysine residues of a peptide, which
are subsequently reduced with sodium cyanoborohydride to
generate secondary amino groups that are relatively more

reactive than their original primary amino groups. Subse-
quently, each of these species reacts with another formalde-
hyde moiety to produce a dimethyl substituted tertiary amino
group adding 28 (CH,0, “light”) or 32 Da (CD,0, “heavy”) in
mass for each N terminus or lysine residue in each peptide
(18-20). We mixed the “heavy” labeled sample obtained with
the C8 beads, with one of the other three “light” labeled
samples. Each set of two labeled samples were mixed in a
1:1 ratio and then analyzed by LC-coupled nanospray LTQ-
FT-ICR based mass spectrometry for protein identification
and quantification. In Fig. 3, an illustrative example of our
quantitative analysis is given, whereby MS spectra (upper
panel) and extracted ion chromatograms (lower panel) are
depicted in which the “light” (dashed line) and “heavy” (solid
line) of individual peptide pairs can be distinguished. Each
peptide is detected as a pair with a typical mass difference
of 4 Da per amine group, i.e. for the N terminus and each
lysine residue present in the peptide. For instance, in the
doubly charged peptide of CLVMDVQAFER (Fig. 3A), form-
aldehyde dimethylates the N terminus generating a m/z
difference of 2 which is corresponding to a mass difference
of 4 Da between the light- and heavy-labeled peptide. Like-
wise, Fig. 3B shows that the pair of the doubly charged
peptide LTVADALEPVQFEDGQK has an m/z difference of
4Da because of the reaction of formaldehyde with the N
terminus and the amino group of the C-terminal lysine. It has
been reported that hydrogen-based isotopes can have an
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Fic. 2. Experimental strategy to probe selective enrichment of
PKA isoforms and their interacting partners using stable isotope
labeling. Following the parallel affinity enrichments using C8 and C2
beads, proteins were digested in-solution with LysC and trypsin,
respectively. The tryptic peptides originating from the pull-down using
the C8 beads were chemically labeled using CD,O (“heavy-label”)
whereas those originating from C2 beads (and also C8_OCH; and
EtOH beads) were labeled with CH,O (“light-label”). Each set of
CD,0O- and CH,O-labeled samples were mixed in a 1:1 ratio (supple-
mental Fig. S1) and then analyzed by LC-coupled nanospray
LTQ-FT-ICR mass spectrometry for protein identification and
quantification.

Intensity

isotopic effect during LC separation in which the heavy and
light tags show a partial separation which can obviously
reduce the accuracy of quantification. However, as shown
in Fig. 3, E, F, G, and H, both the light- and heavy-labeled
peptide ions co-elute, indicating that such an isotopic effect
turns out to be negligible. This is possibly because of deu-
terium labeling occurring on charged amino residues, which
may reduce the differential interaction of hydrogen and
deuterium based methyl labels with the RP-HPLC stationary
phase (19).

We performed affinity enrichments with three different im-
mobilized cAMP beads in the lysates of HEK293 cells, RCC10

cells, rat lung and rat testis tissue. We selected these four
systems as literature predicted that they may contain quite a
diversity of cCAMP interacting proteins. A summary of proteins
detected, together with the number of identified and quanti-
fied peptides, with each of the four beads (i.e. C8, C2,
C8_OCHg,, EtOH) with different samples is given in supple-
mental Tables S3A-I. All peptide pairs used for differential
quantification are listed in this summary together with their
ratios. The protein differential binding ratio was calculated by
averaging over all peptide pairs measured for that particular
protein. In the remainder of the paper we do not further
discuss the results with the ethanolamine blocked beads, as
for all proteins discussed below, we were not able to detect
them using these beads underscoring the selectivity of our
affinity-purifications.

In our pull-downs, we enriched most specifically for the
isoforms of the regulatory domain of PKA, represented by the
triplet dark bands on the 1D gel of Fig. 1. We detected all four
described PKA-R isoforms. Fig. 4A illustrates the differential
enrichment of PKA Rlle in the affinity pull-downs with the
three beads (.e. C8, C2, and C8_OCH,). White bars indicate
the relative abundance of PKA Rlla pulled down with C8
versus C2 beads, whereas gray bars depict the relative abun-
dance of PKA Rlla recovered with the C8 versus C8_OCH,
beads (Fig. 4). The C8 to C2 ratios are close to 1, irrespective
of the origin of the sample (i.e. rat lung tissue, rat testis tissue,
HEK293 cells, or RCC10 cells), indicating that both C8 and C2
beads have equal binding specificity towards PKA Rlla. In
sharp contrast, the averaged ratios are five and higher for the
C8 versus C8_OCH; pairs, again irrespective of the origin of
the sample, indicating that the C8 beads have substantial
higher affinity for PKA Rlla than the C8_OCH,; beads. PKA
RIIB displays similar patterns as observed for PKA Rlla as
illustrated in supplemental Fig. S2A.

Fig. 4B shows that PKA Rla has no substantial binding
specificity for either C8 or C2 beads, as revealed by the ratios
(~ 1) (note the different scale of the y axis in Fig. 4B, com-
pared with A). However, in sharp contrast to the results ob-
tained for RIl, the binding specificity ratio of C8 to C8_OCH,
is also close to 1, indicating that the C8_OCH,; beads have
similar affinity for PKA Rla compared with C8. Similarly, PKA
RIB that we observed in HEK293 and RCC10 exhibits a C8/
C8_OCHj, specificity ratio of ~1 as well, proving that PKA RIB
binds to C8 and C8_OCH, with similar specificity as well
(supplemental Fig. S2B).

In addition to the primary binders of cAMP, we enriched for
several secondary binders, primarily many of the expected A
kinase anchoring proteins. The enrichment ratios of AKAP11
and AKAP1, which were identified in all four biological sys-
tems, are depicted in Fig. 4, C and D, respectively. In Fig. 4C,
the measured enrichment patterns of AKAP11 are shown,
which are markedly similar to PKA RIl shown in Fig. 4A. There
is no significant difference between the C8 and C2 beads but
lower enrichment when C8_OCH, beads are used. We attrib-

1020 Molecular & Cellular Proteomics 8.5


http://www.mcponline.org/cgi/content/full/M800226-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800226-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800226-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800226-MCP200/DC1

Revealing PKA-R/AKAP Specificity

PKARIla

PKARIa

RIl-specific AKAP

Dual-specific AKAP

AKAP11 AKAP1
NH3-CLVMDQAFER (2*)  NH3-LTVADALEPVQFEDGQK (2) NH3-ESLPVSGEESQLTPEK (2*)  NH3-VVLSLMGDEAK (2*)
A 700.35 B o253 G 897 49 D
958.51 ' 61338
FiG. 3. Relative quantitation using g I g g
stable isotope labeling by reductive = _§ § 5
dimethylation induces predictive £ E 5 g
mass shifts. MS spectra (Upper panels, 8§ o © ]
A-D) and extracted ion chromatograms 2 % % g
(lower panels, E-H) of peptides originat- § 2 T § 609.35
ing from proteins in the affinity-enriched +:1_Da:| +8Da +8Da +8Da
HEK293 cell lysate are depicted. The up- .
per panel shows that each detected
peptide exists as a pair with a typical 2 698.34 I 893.46 | I
Da m/z difference for doubly charged lh s 10 | ] 1
peptides that have no lysine residues miz miz miz m/z
whereas a 4 Da m/z difference is ob-
served for doubly charged peptides with —heavy’ labeled peptide (H)- - - ‘light’ labeled peptide (L)
one lysine residue. Labeling sites are in-
dicated by the arrows. In the lower panel, E 112.31 F 112.66 G 87.45 H 78.80
the heavy-labeled peptides (peptides
which are enriched by C8) are in solid H/L ratio=10 H/L ratio=1.3 H/L ratio=5.7 H/L ratio=1.9
line and light-labeled peptides (peptides
which are enriched by C8-OCHy,) are in il 112.66
dashed line. Each individual peptide pair ° ° | ° °
is used for the assessment of differential = = i = <
binding affinities. 2 2 ] i i
=3 =1 1 =1 =1
® G ] G S )| 78:80
[ o ' [ o
2 2 = = n
k] ] | ks k] N
[} (7} | 3] (7} |
14 ['4 1 14 14 I
i A 87.45 “‘
112.32 / I
) A J
o  \
Time Time Time Time

ute this similarity in patterns to the fact that AKAP11 is a PKA
RIlI targeting AKAP. In contrast, AKAP1 exhibited a quite
different pattern, as it was found to be equally enriched using
the C8, C2, or C8_OCH, beads (Fig. 4D). This can be ratio-
nalized by the ability of AKAP1 to bind equally well to Rl and
RII meaning that it is a dual specificity AKAP. Other examples
are shown in supplemental Fig. S3, which reveals that AKAP7
is Rll-specific, and AKAP2 is dual-specific.

Next to the two AKAPs shown in Fig. 4, C and D, we
detected and determined differential binding patterns for a
further 10 AKAPs in the four different samples. Fig. 5 summa-
rizes all results for C8 versus C8_OCH; on a log 2 scale. For
each AKAP, the peptides detected in the four samples
(HEK293, RCC10, Rat lung tissue and Rat testis tissue) were
pooled into one data set and the mean ratios and their stand-
ard deviations were calculated. The PKA isoforms, Rlle and
RIIB (white bars on the left) show a log 2 ratio of 3.2 (stdev =
0.12) and 3.9 (stdev = 0.17) whereas Rla and RIS have similar
log 2 ratios of —0.79 (stdev = 0.20) and —0.89 (stdev = 0.16),

respectively. Furthermore, 6 AKAPs have similar ratios com-
pared with the Rl isoforms:AKAP5, AKAP7, AKAP9, AKAP11,
MAP2, and AKAP14 (dark gray bars), indicating they are Rl
specific AKAPs, in agreement with literature data for AKAP5
(25), AKAP7 (26), AKAP11 (27), and MAP2 (28).

On the other hand, AKAP1 (light gray bars) had average
ratios of around one indicating that it has similar binding
affinities to both Rl and RIl, so it can be classified as dual
specificity AKAP. AKAP10 (p-AKAP2) was also observed as a
dual specificity AKAP with a binding pattern similar to AKAP1.
Although we only identified one quantifiable peptide of
AKAP10 (SIEQDAVNTFTK, supplemental Table S3l), the pep-
tide was identified with high confidence (mascot score of 59,
mascot delta score to the next best hit of 47). A manual
annotation of the tandem MS spectrum of this peptide is
provided in supplemental Fig. S4. Additionally, we performed
a BLAST analysis of the peptide sequence against the non-
redundant NCBI database to verify the specificity of this pep-
tide referring to AKAP10. The quantitation, was manually in-
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Fic. 4. Binding specificity patterns of the PKA regulatory isoforms. The ratios were measured in two cell lysates (i.e. HEK293 and RCC10)
and two tissue lysates (i.e. rat lung and rat testis tissue) for A (PKA Rlla), B (PKA Rla), and their secondary binding proteins C (AKAP11) and
D (AKAP1). The binding specificity ratios of C8 versus C2 are in white, and C8 versus C8_OCHj, are in gray.

spected in the raw data by extracted ion chromatograms of
the heavy and light versions of this peptide. This showed
ample intensity to confidently quantitate this peptide (supple-
mental Fig. S4). In agreement, AKAP1 (25, 29), AKAP10 (30),
AKAP3 (31), and AKAP4 (32) have been reported as dual
specificity AKAPs previously. In the case of AKAP3 and
AKAP4, it seems to be dual specificity with a preferred binding
to RIl, as the average binding specificity ratios of 1.1 and 0.64,
respectively are slightly higher than that of other dual speci-
ficity AKAPs in this dataset.

In addition to the enrichment of PKA R isoforms and their
binding proteins, we also attained enrichment of PKG. This
kinase is known to cross-react with cAMP (supplemental Fig.
S2C). Although PKG was identified with good sequence cover-
age, we were not able to unambiguously differentiate between
the known isoforms (la or IB) because of the lack of unique
peptides in the quantitative experiment. In the qualitative exper-
iment in rat lung tissue, detailed in supplemental Table S2, we
identified peptides of both PKG | isoforms. In our experiments

PKG was pulled down with equal efficiency by C8 and C2 beads
with a ratio of 1.2 (HEK293 cell lysate) and 1.6 (rat lung tissue
lysate). In sharp contrast, the C8_OCH; beads exhibited poor
levels of PKG enrichment with a ratio of >100 (supplemental
Fig. S2C). Therefore, it seems that cAMP modification at the
ribose moiety is detrimental for binding to PKG, as recently
confirmed in an in vitro binding assay with recombinant PKG (9).
Besides PKG, IRAG, a known PKG IB binding protein (33), could
be detected and displayed a differential enrichment pattern
similar to that of PKG (supplemental Table S3l), also with a
strikingly lower enrichment using the C8_OCH, beads, confirm-
ing that IRAG is likely enriched as secondary binder to PKG.
Furthermore, we enriched and detected PDE2A and PDE10A.
PDE2A was found to be less enriched using the C8 beads
compared with the C2 beads (data not shown), consistent with
earlier reports that an unmodified C8 position in cAMP is es-
sential for phosphodiesterase interactions (17, 34).

We validated some of the observed differential enrich-
ment characteristics especially for the isoforms Rla and Rlil«
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Fic. 5. Summary of all specificity ratios obtained for each PKA isoform and all detected AKAPs. Overview of averaged binding
specificity ratios of all AKAPs affinity purified in the four studied lysates of HEK293, RCC10, rat lung, and rat testis tissue. The protein ratios
are calculated by pooling all peptide pairs detected in each tissue for a certain protein. The overall standard deviation was calculated over all
spectra in the pool. For comparison, all averaged ratios are depicted on a log 2 scale. The number of spectra, which were used for the average

ratios are shown.

of PKA (Fig. 6A) by Western blotting with isoform specific
antibodies, taking the HEK293 cells as test sample. As
shown in Fig. 6A, PKA RIl bound to the C8 beads with
~2.5-fold higher specificity than to the C8_OCH; beads, in
agreement with our chemical proteomics data. Using the Rl
specific antibodies, Western blotting analysis confirmed
that there is no significant selectivity between C8 and
C8_0OCHj, beads. To confirm the differential enrichment ob-
served for PKG, we performed pull-downs with recombinant
PKG (rPKG). The same amount of rPKG was incubated with
the three different beads and the amounts of bound and
unbound protein were visualized by SDS-PAGE. These re-

sults are shown in Fig. 6B, with lane 1, 2, and 3 showing the
relative amount of PKG bound to the C8, C2, and C8_OCH,
beads, respectively. The fraction of unbound protein is de-
picted in the lanes 4, 5, and 6 for C8, C2, and C8_OCH;,
beads, respectively. The results clearly confirm that PKG
binds to C8 and C2 beads with similar affinities, whereas the
binding to the C8_OCH, beads is significantly less, confirm-
ing our chemical proteomics data.

Overall these validation experiments on PKA Rl & Rl and
PKG reveal good agreement with the quantitative proteomics
experiments, providing confidence to the latter approach for
the quantification of the binding ratios of the other proteins.
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FiG. 6. In Vitro validation of PKA and PKG binding specificities
for the three types of cAMP beads. Validation of quantitative chem-
ical proteomics approach. A, Western blot analysis of PKA Rla and
PKA Rll« affinity enriched from HEK293 cells by the C8 and C8_OCH;,
beads, respectively. B, affinity pull-down assays using recombinant
PKG la, visualized using SDS gels in which analysis of PKG bound to
the bead fractions is shown in /anes 17, 2, and 3. The unbound
fractions are depicted in lanes 4, 5, and 6.

Background Proteins Can be Bead-specific—In our affinity
pull-downs we also detected some high abundance “back-
ground” proteins such as actin, hemoglobin, alpha 2-globulin,
L-lactose dehydrogenase B-chain and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). When analyzing the dif-
ferential binding behavior of these proteins we observed that
actin, hemoglobin and alpha 2-globulin were equally abun-
dant no matter which of the four beads (C8, C2, C8_OCHj,
and control beads) we used. Remarkably, several “back-
ground” proteins revealed also to some extent specific en-
richments. For instance, L-lactose dehydrogenase B-chain
bound to C8 beads with a relative affinity ratio of 100, com-
pared with C2. GAPDH was enriched by the C8 beads with a
relative affinity ratio of 4:1 to both C2 and C8_OCHS,. Finally,
various ribosomal proteins were found to be preferentially
enriched using the C2 beads (supplemental Table S2).

DISCUSSION

To gain further insights into the protein scaffolds involved in
cAMP/PKA-directed signaling, such protein complexes are
best analyzed and compared in a large set of different cellular

and tissue samples. Recently, we introduced methodology to
identify at a medium-large scale different cAMP/PKA-linked
scaffolds in a qualitative way identifying several AKAPs pres-
ent in heart tissue (17, 21). For this, we applied specific
enrichment of PKA-AKAP complexes using immobilized
cAMP. Although these studies gave good insight in the pres-
ence of over 14 different AKAPs in heart tissue and also
allowed the identification of a novel potential AKAP, it did not
provide any detailed information on the PKA-isoform speci-
ficity of these AKAPs. A way to address this would be to make
use of cAMP analogs that have a specificity for Rl over Rl or
vice versa; however these are poorly recognized thus far (9).
In this study we discovered that immobilized C8_OCH;,
binds much weaker to the PKA RIl than the PKA Rl isoforms.
By applying a quantitative MS approach, using differential
stable isotope labeling, we now show we can evaluate
AKAPs for their PKA RI/RII specificity in a variety of tissues,
making use of the differential co-enrichment of the AKAPs
with either RI or RII.

In summary, the enrichment characteristics of three differ-
ently immobilized cAMP analogs were probed in HEK293
cells, RCC10 cells, rat lung, and rat testis tissue. These tis-
sues were chosen as they were expected to contain a wide
variety of different AKAPs. Stable isotope dimethyl labeling at
the peptide level was applied to quantify the enrichment char-
acteristics on the different beads. For each specifically bind-
ing protein an affinity ratio could be calculated based on the
comparison of mass spectra peak intensities. We were able to
enrich and relatively quantify all four different isoforms of the
regulatory subunits of PKA, about a dozen of AKAPs, and
several other primary (PKG, PDE) and secondary protein bind-
ers of cAMP. Below we will discuss in some more detail the
different classes of affinity enriched proteins focusing first on
the primary bait proteins, followed by the AKAPs, which are
secondary binding proteins.

Primary-binding Proteins—Our quantitative proteomics
data clearly indicated that both RIl isoforms (Rlla and RIIB)
bind equally well to C8 and C2 cAMP beads. In contrast, Rll
seems to have a much lower affinity towards the C8_OCH,
beads (Fig. 4A). The two beads have the same linking position
at C8 but in the latter the 2'-OH is methylated.

Detailed structural studies on cAMP-bound PKA RI and RlI
(35, 36) point out that the cAMP binding domains of Rl and RII
are highly conserved. Also the residues interacting directly
with the 2'-OH seem to be similarly oriented in Rl and RIl. The
invariant Gly (Gly-204/Gly-334 for Rlla and Gly-220/Gly-349
for RIIB) and Glu (Glu-205/Glu-335 and Glu-221/Glu-350 for
Rlle and RIIB, respectively) bind to the 2'0OH of the ribose
moiety by forming hydrogen bond. This would point out that
the modification at 2'OH ribose moiety (C8_OCHy,) likely re-
duces the binding to RIl by disruption of the hydrogen bond.
Intriguingly, the same interactions were revealed for Rl in
which both the Gly (Gly-201/Gly-325 for Rla and RIgB) and the
Glu (Glu-202/Glu-326 for Rla and RI) residue are conserved.
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(86). This means that the formation of the hydrogen bond is
apparently not solely responsible for diminishing the binding
of RIl to our C8_OCH, beads. This observation hints at dif-
ferent interactions in RI and RIl that help to stabilize their
complex with cAMP and especially with 2’-methoxy-cAMP.
We attribute this partly to possible different stacking interac-
tions of cAMP with Rl and RIIl. A sequence alignment between
Rl and Rl reveals that the key hydrophobic residues required
for this stacking interaction such as Val (Val-184), Val (Val-
186), Val (Val-302), Val (Val-315), Leu (Leu-318), lle (lle-327),
and Ser (Ser-375) in Rl are differently positioned and poorly
conserved in RIl in which the aligned residues are lle (lle-183),
Val (Val-185), lle (lle-305), lle (lle-324), Cys (Cys-327), Leu
(Leu-336), and Glu (Glu-384). These variable residues be-
tween the two isoforms could influence binding specificity
to cAMP. Detailed molecular structures of the two regula-
tory isoforms bound to the different cAMP analogs would be
required to validate the above speculations and possibly
point to other differences in the cAMP binding domains of RI
and RIL.

Another known primary bait protein for the beads is PKG.
Our results indicate that PKG binds equally well to C8 and C2;
however binding to C8_OCH, is dramatically reduced (sup-
plemental Fig. S2C). Interestingly, the PKG hydrogen bonding
residues: Arg (Arg-177/Arg-403), Gly (Gly-167/Gly-393), and
Glu (Glu-168/Glu-394) are conserved with respect to PKA RII.
The data on PKG suggest that the ribose 2'OH moiety-related
hydrogen bonding is even more crucial for binding of PKG
than PKA RII.

Additionally, we enriched for two phosphodiesterases:
PDE2A3 in rat lung tissue and PDE10A in rat testis tissue.
PDE2A3 was found to bind C2 with an ~10-fold higher than
C8 in binding specificity, indicating that hydrophobic binding
between the imidazole ring of cAMP is stronger than that to
the pyrimidine ring, both of which are required for cyclic
nucleotide discrimination.

Recently the affinities of a range of widely used cyclic
nucleotides and derivatives were tested on all subtypes of
PKA and PKG, as well as on Epac1 and 6 types of PDE (9).
This study by Poppe et al. (9) sheds light on the potential
promiscuity of cyclic nucleotide derivatives when applying
them as pharmacological tools. The results obtained by
Poppe et al. (9) on recombinant proteins in vitro are com-
pletely consistent with our findings in vivo. The non-linked
version of C8_OCH; binds to PKA RI with higher affinity than
to RIl, whereas it does not seem to bind to PKG at all.

Secondary-binding Proteins—In the cell PKA is localized
through interaction of the regulatory domains with the family
of distinct but functionally homologous AKAPs. Through an
extensive body of work it has now been established that some
AKAPs prefer to bind the RIl regulatory subunit whereas oth-
ers have dual specificity for both Rl and RIl. To some extent
the amino acid residues that play a role in whether an AKAP
protein binds preferentially RIl or displays dual specificity

have been defined by extensive mutagenesis studies and
biochemical analysis (29, 37-40).

As described above we observed distinct binding specific-
ities for C8 and C8_OCH; beads, which can be further ex-
ploited as a discriminating factor to establish the preference
of the secondary AKAP binders for Rl or RIl. In other words,
we can differentiate between Rll-specific and dual-specific
AKAPs depending on the measured binding specificity ratios
between the pull-downs performed with the C8 and C8_OCH,
beads. AKAPs with a ratio significantly similar to RIl isoforms
were considered Rll-specific AKAPs. We detected in total 12
AKAPs, of which 6 could be classified as preferentially binding
to the RIl regulatory subunit of PKA, whereas the remaining 6
were considered to be dual specificity AKAPs (Fig. 5). In cases
where prior literature is available our data confirmed reported
specificities of AKAPs providing the validation of our method.
However, for a number of AKAPs no information is available
about their specificity. Below we discuss for each detected
AKAP our findings in the context of literature data.

Ril-specific AKAPs—Our data clearly shows that AKAP5 is
an RlI-binding protein. AKAP5 was shown to be an RIIB bind-
ing AKAP by deletion experiments and site-directed mutagen-
esis (41) revealing that several amino acid residues at the C
terminus with long aliphatic side chains play a central role.
The microtubule-associated protein MAP2 is the first protein
shown to co-purify with RIl (28, 42). In our experiments, we
identified MAP2c in testis tissue and MAP2a/b in HEK293, as
based on unique peptide identifiers of these splice isoforms.
The binding specificity ratios of these two isoforms clearly
confirm that both are Rll-specific AKAPs. AKAP11, which we
detected in all our cells and tissues, is a clear Rll-specific
binding AKAP. This protein is known to be expressed abun-
dantly in human testis (43). The peptide Ht31, which is an
AKAP-PKA anchoring antagonist, has been successfully used
to block RII-AKAP11 interactions, suggesting that AKAP11
may bind Rl in a manner similar to other AKAPs (27). AKAP9,
which was relatively abundant in HEK293 and RCC10 cells,
was also a clear Rll-specific AKAP (Fig. 5). Using a yeast
two-hybrid screen Feliciello et al. (44) showed that the Rll
regulatory subunits of PKA bind in vitro Yotiao (AKAP9) with
nanomolar affinity (K, 50-90 nm). Of AKAP7, identified in our
experiments (supplemental Fig. 3), at least four splice variants
have been reported. Our initial 1D gel analyses indicated that
in our systems AKAP7 had a molecular weight of around
40,000 Da indicating that it is likely the y or 8 isoform, which we
were unfortunately unable to distinguish, based on the detected
peptides. Hundsrucker et al. (26) showed that AKAP7§ is a high
affinity Rlla-binding protein with a K, value of 31 nwm. In contrast,
yeast two-hybrid analysis and co-immunoprecipitation studies
(45) showed that AKAP7+y binds also to the Rl subunit. Based on
these studies, it seems likely that we mainly enriched for
AKAP738, being a specific Rll-binding AKAP.

Finally we clearly show, for the first time, that AKAP14
preferentially binds to RIl. Although relatively little information
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has been reported about AKAP14, sequence analysis indi-
cates that this protein is closely related to TAKAP-80, which is
exclusively expressed in testis (46). In line, we detected this
protein only in rat testis.

Dual Specificity AKAPs—Our data confirm that AKAP1,
AKAP10, AKAP2, and AKAP12 have dual specificity. Huang et
al. (29) identified b-AKAP1 (AKAP1) as a fragment from a yeast
two-hybrid screen based on specific interaction with the Rl
portion of Ret/ptc2, which includes most of the RI/RII binding
domain. The interacting regions on both Rl and RIl are local-
ized to their N termini. AKAP10 (p-AKAP2) has been well
studied and shown to display dual specificity (K, ~ 2 and 48
nm for RIl and R, respectively) (47-49), in agreement with our
analysis. AKAP2 (AKAP-KL) isoforms contain a 20-residue
domain (amino acid 586-605) that binds RIl with nanomolar
affinity (K; ~ 10 nwv) and a partial AKAP2 protein isoform (aa
354-741), which includes the putative tethering site that binds
both Rlla and RIIB (50, 51). Although AKAP2 is known to bind
RIl, our data showed that AKAP2 seems to have dual speci-
ficity based on the observed ratio profile (supplemental Fig. 3).
AKAP12 (Gravin), a 250 kDa AKAP, was originally identified as
a cytoplasmic antigen recognized by myasthenia gravis sera.
Our data establish for the first time that AKAP12 is a dual-
specific AKAP. Studies in vitro revealed that the residue
stretch 15261780 of AKAP12 binds RIl with nanomolar bind-
ing affinity (52).

AKAPS3 appears to be expressed specifically in spermatoids
and spermatozoa and as expected in our experiments we only
detected it in rat testis. AKAP3 has been reported to bind to
both RIl and RI (31), which is in agreement with our finding. In
the sequence of AKAP3, an RIl binding domain has been
identified (residues 124-141), which is conserved between
the human, murine, and bovine AKAP3 (31). In an earlier
study, AKAP4 has been reported as an RIl-binding protein (53,
54). Nonetheless, our finding is consistent with Vijayaragha-
van et al. (31) in which AKAP4 is reported as dual specificity
AKAP. Our data indicate that both proteins display dual spec-
ificity, however, with a preference to bind to Rl because the
specificity ratios are slightly different from the other dual
specificity AKAPs (Fig. 5). It is possible that some residues
required for RIl binding are different, although there is a sig-
nificant homology between the putative RIl binding domains
of AKAP3 and AKAP4 (i.e. 12 of 18 amino acids are identical).
These differences in the core of the binding domain might
contribute to the observed different binding specificity.

Conclusion—We combined a chemical proteomics ap-
proach with stable isotope labeling and mass spectrometry to
enrich specifically for cAMP-interacting proteins, directly from
cell or tissue lysates. cAMP-agarose affinity resins with three
different derivatives of cAMP were used to probe their selec-
tivity in the enrichment; C2, C8, and C8_OCHj,. Stable isotope
labeling facilitated the identification of unspecifically binding
background proteins and allowed us to probe the differential
binding behavior of relevant proteins to the different analogs

directly in tissue. Our data reveal that all PKA regulatory
isoforms have a similar affinity for C8 and C2 beads. In con-
trast, Rl isoforms have a significant lower affinity for the
C8_OCH; beads, whereas the RI isoforms seem to be unaf-
fected by this small chemical modification. We employed this
effect to monitor the specificity of secondary-binding proteins
to the PKA Rl and Rl isoforms with our LC-MS stable isotope
labeling method as read out. In four different input lyastes we
detected 12 main AKAP families, of which six were observed
to have specificity for the PKA Rl isoform, whereas the other
six displayed dual specificity for both Rl and RIl. Besides
confirming previously reported PKA-AKAP specificities, the
specificity of other PKA-AKAP complexes was also eluci-
dated. We have observed for the first time that AKAP14 has
RII specificity whereas AKAP2 and AKAP 12 are dual-specific
AKAPs (# in Fig. 5). In conclusion, our chemical proteomics
screen sheds new light on nature’s complex diversity in sig-
naling mechanisms, as each AKAP, and each isoform thereof,
may direct different PKA isoforms to different compartments
of the cell, providing the basis of the complex multifunctional
platform of this single kinase.

In general, our data reveal that chemical biology ap-
proaches, combined with stable isotope labeling and mass
spectrometry, provide comprehensive ways to study the in-
terplay between small molecules and target proteins which
can be applied to complex biological systems, such as total
cell or mammalian tissue lysates.
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