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A-kinase anchoring proteins (AKAPs) include a family of
scaffolding proteins that target protein kinase A (PKA) and
other signaling proteins to cellular compartments and thereby
confine the activities of the associated proteins to distinct
regions within cells. AKAPs bind PKA directly. The interaction
is mediated by the dimerization and docking domain of regula-
tory subunits of PKA and the PKA-binding domain of AKAPs.
Analysis of the interactions between the dimerization and dock-
ing domain and various PKA-binding domains yielded a gener-
alized motif allowing the identification of AKAPs. Our bioinfor-
matics and peptide array screening approaches based on this
signature motif identified GSKIP (glycogen synthase kinase 33
interaction protein) as an AKAP. GSKIP directly interacts with
PKA and GSK3p (glycogen synthase kinase 3(). It is widely
expressed and facilitates phosphorylation and thus inactivation
of GSK3 3 by PKA. GSKIP contains the evolutionarily conserved
domain of unknown function 727. We show here that this
domain of GSKIP and its vertebrate orthologues binds both
PKA and GSK3 and thereby provides a mechanism for the inte-
gration of PKA and GSK3p signaling pathways.

A-kinase anchoring proteins (AKAPs)® are a family of
scaffoldingproteinscharacterizedbytheabilitytobind cAMP-
dependent protein kinase (protein kinase A (PKA)). They
tether PKA in the vicinity of its substrates, thereby facilitating
their phosphorylation. In addition, AKAPs bind further signal-
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ing molecules, including other protein kinases (e.g. protein
kinase C and protein kinase D), phosphodiesterases (e.g.
PDE4D), and protein phosphatases (e.g. PP1 and PP2B/cal-
cineurin). A few AKAPs possess catalytic activity. For example,
AKAP-Lbc is a Rho guanine nucleotide exchange factor (1-3).
Thus, AKAPs assemble multiprotein complexes and thereby
coordinate cellular signaling. AKAPs are required for many cel-
lular processes, including vasopressin-mediated water reab-
sorption in renal principal cells and B-adrenoreceptor-depen-
dent increases of cardiac myocyte contractility (2, 4, 5).

The PKA holoenzyme consists of a dimer of regulatory RI or
RII subunits and two catalytic subunits, each bound to one R
subunit. Upon binding of two molecules of cAMP to each R
subunit, the catalytic subunits dissociate and phosphorylate
their substrates (6, 7). The interaction of AKAPs with PKA is
mediated by the PKA-anchoring domain of AKAPs and the
dimerization and docking (DD) domain of R subunit dimers.
Because most AKAPs preferentially anchor RII subunits, PKA-
anchoring domains are termed RII-binding domains (RIIBD).
These domains are structurally conserved amphipathic helices,
14-18 amino acid residues in length (8, 9). Based on recently
described determinants of the RIIBD/DD domain interaction
(8—10), we developed a bioinformatics and peptide array
screening approach to identify new AKAPs. For one of the dis-
covered proteins, GSKIP (GSK3p interaction protein), we show
that it functions as an AKAP.

Mammalian cells express two isoforms of glycogen synthase
kinase-3 (GSK3), GSK3a and GSK3p, which are constitutively
active and phosphorylate a broad range of substrates, thereby
participating in the regulation of various processes, including
energy metabolism, protein synthesis, sorting and degradation,
and transcription (11, 12). The activity of GSK3 isoforms is
decreased through phosphorylation by other protein kinases
such as Akt/protein kinase B, p70/p85-ribosomal S6 kinase,
p90-ribosomal S6 kinase, and PKA (13-15). Phosphorylation of
Ser-21 of GSK3a and Ser-9 of GSK3 by any of the abovemen-
tioned kinases leads to inactivation. The different kinases
appear to regulate different pools of GSK3p. For instance, stim-
ulation of adrenoceptors on skeletal muscle cells leads to PKA-
mediated phosphorylation of GSK383, whereas stimulation of
the insulin receptor on these cells leads to protein kinase B-me-
diated phosphorylation of GSK38 (16). The formation of such
pools is likely to require scaffolding proteins. The AKAPs
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AKAP220 and MAP2 (microtubule-associated protein 2) each
recruit PKA and GSK3p and facilitate PKA phosphorylation of
GSK3B (17, 18). The phosphorylation by PKA appears to
require binding of both PKA and GSK3p to the respective
AKAP (13, 19).

Here, we demonstrate that the evolutionarily conserved and
widely expressed protein GSKIP (20) functions as an AKAP,
recruits PKA and GSK3p, and facilitates PKA phosphorylation
of GSK3B. GSKIP and its vertebrate and invertebrate ortho-
logues from fungi to Homo sapiens contain the evolutionarily
conserved domain of unknown function 727 (DUF727), which
we show here to interact with RII subunits in the vertebrate
orthologues, thus conferring an AKAP function. RII binding
was not observed for invertebrate orthologues. The interaction
with GSK3, however, appears to be conserved in both inver-
tebrates and vertebrates.

EXPERIMENTAL PROCEDURES

Peptide Arrays, RII Overlay, and Protein Overlay—Peptide
spots were generated by automatic SPOT synthesis as
described previously (10, 21, 22). Peptides containing “difficult
sequences” (23) were excluded from the analysis. For example,
cysteines may oxidize to sulfoxides or undergo dimerization.
B-Sheet-forming sequences cause collapse of the peptide-resin
matrix. Under such conditions, diffusion of reagents into the
matrix is limited, and coupling and deprotection reactions may
be incomplete (21, 23). The interaction of spot-synthesized
peptides with RII subunits of PKA was investigated by RII over-
lay assay using radioactively labeled RII subunits (10, 24, 25). To
determine the binding of GSK3p, peptide spot membranes
were blocked for 1 h with blocking buffer (3% bovine serum
albumin in Tris-buffered saline + 0.05% Tween 20 (TBS-T))
before incubation with 1 ug/ml glutathione S-transferase
(GST) or 1 pg/ml GST-GSK3p (Cell Signaling Technology,
Danvers, MA), at 4 °C overnight. Membranes were washed
three times with TBS-T and incubated with an anti-GST anti-
body (Millipore, Billerica, MA) in blocking buffer for 1 h at
room temperature. Thereafter, horseradish peroxidase (HRP)-
coupled anti-rabbit antibody (Dianova, Hamburg, Germany)
was added (1 h, room temperature), and after washing three
times with TBS-T, an ECL reaction was carried out using Lumi-
Light substrate (Roche Diagnostics). Signals were visualized
with the Lumi-Imager F1 (Roche Diagnostics).

Cloning—Total RNA was isolated from human neuroblas-
toma SH-SY5Y cells using TRIzol and reverse-transcribed
using SuperScript one-step reverse transcription-PCR with
Platinum Tagq according to the manufacturer’s instructions
(Invitrogen). The resulting cDNA served as a template to obtain
full-length GSKIP (420 bp) by PCR (forward primer 5'-ATGC-
GCTAGCTATGGAAACAGACTGTAATCCCATG-3' and
reverse primer 5'-GCATACCGGTCCTGACTGTCCATCTC-
TTTTCAAAG-3'). PCR products were ligated into the vector
pECFP-N1 (BD Biosciences) via the restriction sites Nhel and
Agel to yield the vector CFP-GSKIP. Valine 41 and leucine
45 were substituted by proline residues (GSKIP-V41P/L45P)
by site-directed mutagenesis (QuikChange site-directed
mutagenesis kit, Stratagene, La Jolla, CA) to disrupt the helical
structure of the RIIBD.
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YFP-RIla used in this work was described previously (24). To
generate CFP-AKAP18a, human cDNA (see above) was ampli-
fied by PCR (forward primer 5'-CCCCGAATTCCATGG-
GCC-3' and reverse primer 5'-CGCGGTCGACCATTTCCT-
GTTCTCATTGTCA-3') and inserted into pECFP-N1 via
EcoRI and Sall restriction sites. All constructs were sequenced
prior to expression.

Generation of Recombinant GSKIP—To obtain His-tagged,
full-length GSKIP, a ¢cDNA fragment encoding full-length
GSKIP (139 amino acid residues) was generated by PCR using
the vector CFP-GSKIP (see above) as template. The forward
(5'-CAGCCATATGGAAACAGACT-3') and reverse primers
(5"-TGTGCTCGAGTCAGGACT-3") contained Ndel and
Xhol restriction sites, respectively. The cDNA was cloned into
the vector pET28(+) (Merck) via these restriction sites to yield
the vector His-GSKIP. His-tagged proteins were expressed in
Escherichia coli strain BL21-DE3 and affinity-purified. The His
tag was removed by thrombin protease cleavage as recom-
mended by the supplier of the vector pET28(+).

Preparation of Affinity-purified Anti-GSKIP Antibodies—A
rabbit polyclonal antiserum was raised against recombinant
full-length GSKIP (139 amino acid residues; Biogenes, Berlin,
Germany). Specific antibodies were isolated by affinity chroma-
tography of the antisera using GSKIP immobilized on thiopro-
pyl-Sepharose 6B (GE Healthcare) (24).

Cell Culture and Transfection—HEK293 cells (ATCC, Man-
assas, VA) were grown to 40—-60% confluency in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum. Cells were transfected 48 h after seeding with plasmid
DNA (1 pg/60-mm dish) encoding CFP-GSKIP or CFP-GSKIP-
V41P/L45P using Transfectin (Bio-Rad) and analyzed 24-48 h
post-transfection. SH-SY5Y cells were grown in Dulbecco’s
modified Eagle’s medium/F-12 supplemented with 10% fetal
calf serum and 1% nonessential amino acids.

Detection of GSKIP in Cells by Laser Scanning Microscopy—
Glass coverslips (30 mm) were coated with 100 wg/ml poly-L-
lysine in 35-mm cell culture dishes. 24 h prior to transfection,
200,000 HEK293 cells were seeded in Dulbecco’s modified
Eagle’s medium/fetal calf serum. Cells were transfected with 0.5
png of YFP-RIIe and 1 ug of CFP-GSKIP, CFP-GSKIP-V41P/
L45P or CFP-AKAP18a using Lipofectamine ™ 2000 (Invitro-
gen). 24 h after transfection, cell were covered with phosphate-
buffered saline and analyzed by confocal laser scanning
microscopy, using a Zeiss LSM 710 (Carl Zeiss GmbH, Jena,
Germany).

Immunoprecipitation and cAMP-Agarose Pulldown, Prepa-
ration of Tissue Lysates, and Western Blotting—Untransfected
HEK293 cells or HEK293 cells transiently expressing CFP-
GSKIP or CFP-GSKIP-V41P/L45P and tissues from wild type
Wistar rats were lysed in lysis buffer (10 mm K,HPO,, 150 mm
NaCl, 5 mm EDTA, 5 mm EGTA, 1% Triton X-100, pH 7.4)
supplemented with protease inhibitors (1 mm benzamidine, 0.5
mM phenylmethanesulfonyl fluoride, 3.2 pg/ml trypsin inhibi-
torI-S, 1.4 pg/ml aprotinin) and protein phosphatase inhibitors
(50 mm NaF and 100 um NazVO,) (24). The lysates were cleared
by centrifugation (20,000 X g, 4°C, 10 min). Endogenous
GSKIP, CFP-GSKIP, and CFP-GSKIP-V41P/L45P were immu-
noprecipitated with affinity-purified rabbit anti-GSKIP anti-
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body (see above) and protein A-conjugated agarose (Sigma).
For cAMP-agarose pulldown, the lysates were incubated with
8-AHA-cAMP-agarose (4 °C, 3 h; 8-aminohexyl amino adeno-
sine 3'-5"-cyclic monophosphate; Biolog, Bremen, Germany) in
the absence or presence of cAMP (50 mm). Agarose-bound pro-
teins were washed four times with lysis buffer and eluted with
Laemmli sample buffer (95 °C). The following primary antibod-
ies were used for Western blot detection: rabbit anti-GSKIP
(see above); rabbit glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), phospho-GSK3a/B (p-GSK3a/B), and total GSK33
antibodies (Cell Signaling Technology, Danvers, MA); mouse
anti-B/y-tubulin (Calbiochem); goat anti-lamin A/C (Santa
Cruz Biotechnology, Santa Cruz, CA); mouse anti-RIla (BD
Biosciences). CFP was detected with mouse anti-green fluores-
cent protein (Clontech) (26). Corresponding HRP-coupled sec-
ondary antibodies were from Dianova, Hamburg, Germany.
Signals were visualized with the Lumi-Imager F1 (Roche Diag-
nostics). p-GSK3p was quantified by densitometric analysis of
Western blots (LumiAnalyst 3.0 software, Roche Diagnostics).

Subcellular Fractionation of SH-SYSY Cells—SH-SY5Y cells
were scraped from 100-mm cell culture dishes in 500 ul of
fractionation buffer (250 mm sucrose, 20 mm HEPES, pH 7.4, 10
mM KCl, 1.5 mm MgCl,, 1 mm EDTA, 1 mm EGTA, 1 mum dithi-
othreitol) supplemented with protease and phosphatase inhib-
itors (see above). Cells were homogenized using a glass-Teflon
homogenizer and centrifuged (10 min, 4 °C, 700 X g). The
resulting nuclear pellet was washed with fractionation buffer,
centrifuged again, and resuspended in RIPA buffer. The super-
natant was centrifuged at 100,000 X g for 60 min. The pellet was
considered the particulate and the supernatant the cytosolic
fraction (24).

Nuclear Magnetic Resonance Measurements—Isotopically
enriched GSKIP was expressed in E. coli BL21-DE3 strain using
'5N-NH,CI as nitrogen source in M9 minimal medium. 'H,"*N
correlation experiments with '*N-labeled GSKIP and unlabeled
DD domain were recorded using a standard heteronuclear single
quantum coherence pulse program employing WATERGATE for
solvent suppression. All NMR experiments were recorded on a
Bruker 600 MHz Avance spectrometer equipped with a triple
channel cryoprobe. The temperature was set to 30 °C in all exper-
iments. For interaction studies, the typical protein concentration
was on the order of 0.1 mm. The acquisition time in the direct
dimension was restricted to 150 ms. A total of 256 increments was
recorded in the indirect dimension.

Surface Plasmon Resonance Measurements—Interaction
studies were performed employing Biacore 2000 or 3000 instru-
ments (Biacore AB, GE Healthcare) (27). Measurements were
performed in running buffer containing 20 mm MOPS, 150 mm
NaCl, 0.005% Tween 20, pH 7.0, at 25 °C instrument tempera-
ture. In brief, 8-AHA-cAMP (BioLog, Bremen, Germany) was
covalently coupled to CM5 sensor chips (research grade) using
NHS/EDC chemistry. RI or RII subunits, prepared according
Bertinetti et al. (28) using cAMP affinity chromatography, were
injected in running buffer containing 1 mg/ml bovine serum
albumin and reversibly captured on an 8-AHA-cAMP surface
(surface concentration of 120-200 resonance units for each
subunit). GSKIP was injected at different concentrations
(8-256 nm) at a flow rate of 30 ul/min. Both association and
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dissociation phases were recorded for 300 s. After each GSKIP
injection, the entire protein complex (R subunits and GSKIP)
was removed by three short injections (30 s each) of 3 M guani-
dinium hydrochloride. Rate constants (k, and k,) and equilib-
rium binding constants (K,,) were calculated based on nonlin-
ear regression analysis assuming a 1:1 Langmuir binding model
using the BIAEvaluation software, version 3.0 (Biacore AB, GE
Healthcare). For control, experiments were performed in the
presence of 5 um PKA anchoring disruptor peptides (Ht31 or
AKAP188L314E (10)) using 500 nm GSKIP. As negative con-
trols, double proline substituted peptides were used under the
same conditions.

Enzyme-linked Immunosorbent Assay for Monitoring the
GSKIP, PKA, and GSK3[ Interaction—Enzyme-linked immu-
nosorbent assays were conducted in Corning 384-well clear or
white flat bottom polystyrene high bind microplates (Corning
B.V., Schiphol-Rijk, the Netherlands). The plates were coated
by adding 20 ul/well RIle (50 nv; prepared as described in Ref.
27) in coating buffer (phosphate-buffered saline containing 1
mM benzamidine, 0.5 mM phenylmethanesulfonyl fluoride, 3.2
pg/ml trypsin inhibitor type I-S, 1.4 ug/ml aprotinin, and 1 mm
dithiothreitol) and incubation for 1 h at room temperature.
Thereafter, the coating buffer was removed, and blocking
buffer (coating buffer containing 0.3% skimmed milk powder
and 0.05% Tween 20) was added (100 ul, 1 h, room tempera-
ture). After removal, monitoring of interactions of RIla with
GSKIP and/or GSK3 was carried out in newly added blocking
buffer (20 wl/well, 1 h, room temperature). Protein concentra-
tions are indicated in the legend to Fig. 6A. Unbound protein
was removed by washing the wells three times with 100 ul of
washing buffer (phosphate-buffered saline containing 0.05%
Tween 20). Bound His-GSKIP was detected with monoclonal
anti-polyhistidine HRP-conjugated antibody (Sigma; 1:8000 in
blocking buffer, 1 h, room temperature). Bound GSK3 was
detected by incubation with rabbit anti-GSK3f antibody (Cell
Signaling Technology, Danvers, MA; 1:1500 in blocking buffer)
and HRP-conjugated anti-rabbit IgG (1:3000, 1 h, room tem-
perature). Each antibody incubation step was followed by wash-
ing. The HRP reaction was initiated by addition of 3,3,5,5'-
tetramethylbenzidine enzyme-linked immunosorbent assay
substrate solution (Sigma) and terminated after 30 min by add-
ing HCI (1 m; 20 pl/well). The colored reaction product was
quantified by measuring A,5, .., in @ GeniosPro plate reader
(Tecan, Durham, NC) with 10 flashes/well. Curves were fitted
based on a one-site-binding model, and K, values were calcu-
lated using Prism 4.0 (GraphPad Software, San Diego, CA).

Statistical Analysis—GraphPad Prism 5.01 for Windows
(GraphPad Software, San Diego) was used to perform two-
tailed ¢ tests. One sample ¢ tests were applied to determine
significance in comparison with the basal value.

RESULTS

Bioinformatics-based Approach to Identify New AKAPs—Hy-
drophobic amino acid residues in conserved positions of
RIIBDs of AKAPs are important contacts for RII subunit bind-
ing (Fig. 14) (8—-10). A consensus pattern summarizing these
properties is suitable for the identification of RIIBDs within a
given AKAP (29). However, searching a protein data base with
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A
AKAP Sequence pI
AKAP-KL LVDDPLEYQAGLLVQNATIQQATAEQ 3.43 AKAP pattern
AKAP95 TPEEVAADVLAEVITAAVRAVDGEG 3.77 [AVLISE]..[AVLIF][AVLI]..[AVLI]J[AVLIF]..[AVLISE]
DAKAP550 (Dm) PEDVETAETLAAAAKEIVQEVVEAA 3.77 Limited to pl = 3.0-6.4
D-AKAP2 NTDEAQEELAWKIAKMIVSDIMQQA 4.18
AKAP79 QYETLLIETASSLVKNAIQLSIEQL 4.25 .
Yotiao LEKQYQEQLEEEVAKVIVSMSIAFA  4.33 ﬂ Database screening
AKAP_ QIEYLAKQIVDNAIQQA  4.42 (Swissprot via Scansite)
AKAP-Lbc KGADLIEEAASRIVDAVIEQVKAAG 4.50 4,519 peptides
AKAP149 DRNEEIKRAAFQIISQVISEATEQV 4.59 from 2 ‘352 human proteins
Gravin NGILELETKSSKLVQONIIQTAVDQF 4.68 ’ p
mAKAP HQKDAEDCSVHNFVKEIIDMASTAL 4.80 ﬂ
Rab32 ETSAKDNINIEEAARFLVEKILVNH 4.96
AKAP220 VNLDKKAVLAEKIVAEAIEKAEREL 5.11
AKAP18y PDDAELVRLSKRLVENAVLKAVQQY  6.16 Filter
AKAP183 (Rn) PEDAELVRLSKRLVENAVLKAVQQY  6.19 (technical limits, duplicates)
AKAP-Lbc (Mm) TRADSIEETATRIVEAVIRQVRASN 6.20 ’
AKAP450 KIVNLQKIVEEKVAAALVSQIQLEA 6.23
c 2,572 peptides {7
Block 1 Block 2 00000000
12345678910 12 14 16 12345678910 12 14 16 gggggggg
Al®@® @*» & & so0see 8 0+ » # SAONeN 00000000 RIl overlay
B 00000000
Cleasas ‘ 00000000
gl ,,,,, .8 00000000
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G
H
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J
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M ® B L
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8 = D * * L] v
R F E O .
A .
Block 3 Row A: controls B N
01 AKAP183-wt )
12345678910 12 14 16 (2 AKAP185-L304T c Peptide AKAP185-L314E
Ale® @+« » + se@seae | 03AKAP185-L308D D
B, 04 AKAP185-L314E E D
S| 05 AKAP185-P
E 06 AKAP183-PP
F 07 Ht31 Ao e ’
G 08 Ht31-PP Bl @8 ® er e
[ ?g ﬁmgls - c YT E Peptide AKAP185-PP
J 1S
K 11 AKAP185-L314E,D298A b . ' LR B
L 12 AKAP185-L314E,E300A E O « 0
'\,\"' 13 AKAP185-S305A
o) 1; ﬁmm22‘81353?2’:'3298'%3305'6‘ Row A: controls Peptides (Position, Name/ldentifier)
P - )
Q 16 AKAP185-wt AO1 AKAP,g BO1AK10 CO1CDB2 DO1LMA4 EO1UBA1
A02 AKAP s-P B02 AK11 C02CDB9 DO02LR1B  E02Z297
A03 Ht31 B03 AK12  C03 CDBF D03 MED4 EO03 GSKIP
A04 Ht31-PP B04 AK14  C04 DAK1 D04 MRIP  E04 C166
A05 AKAP185-wt B05 AK02  CO5 IKAP D05 PARC EO05ATY3
A06 AKAP185-L304T BO06 AKO5  CO06 IP3T D06 SYM E06 FAK1
A07 AKAP185-L308D BO07 AKO9  C07 K13B D07 SYTC EO7 HIP1
A08 AKAP185-P B08 AKO1 C08 K406 D08 TLN2
A09 AKAP185-PP B09 RB32 C09 KCC4 D09 TMS3
A10 AKAP185-L314E B10 RHG4 C10KFP3 D10 TTC6

FIGURE 1. Bioinformatics approach to identify new AKAPs. A, multiple sequence alignment of RIIBDs of several AKAPs. Amino acid residues in
conserved positions are shaded in gray. The isoelectric points (pl) of the peptides are indicated. All sequences except murine (Mm) AKAP-Lbc, rat (Rn)
AKAP1886, and D. melanogaster (Dm) DAKAP550 are derived from human AKAPs. AKAP s is a peptide designed in silico (10, 52). B, flow chart for the
identification of Rll-binding domains. Depicted is the AKAP search pattern for screening of the Swiss-Prot Database for potential Rll-binding proteins.
For the data base search, the pl value range was limited to 3.0-6.4. Duplicates and peptides not accessible to synthesis were removed (Filter). The
remaining peptides (2572) were spot-synthesized and subjected to RIl overlay assay (supplemental Fig. 1). 829 peptides bound RIl subunits. C, 829
peptides were synthesized on three membranes and subjected to RIl overlay (Blocks 1-3; for sequences see supplemental Table 1). Signals were
detected by autoradiography. Row A on each block contains the indicated control peptides, which are established RlI-binding peptides or inactive
versions thereof. Dashed boxes, RIIBDs from previously identified AKAPs. Solid box, peptide derived from the protein GSKIP. D, of the 829 Rll-binding
peptides, 27 representing putatively new AKAPs (and additionally 9 derived from previously described AKAPs) were spot-synthesized and subjected to
Rl overlay in the absence (control) or presence of the PKA anchoring disruptor peptide AKAP185-L314E or the inactive control peptide AKAP188-PP (10
M each). Row A of each membrane contains the indicated control peptides; row B contains peptides derived from previously identified AKAPs; and rows
C-E contain the putative Rll-binding domains of the indicated proteins (given as abbreviations; for sequences see Table 1). Box, Rll-binding domain of
GSKIP. Displayed are representative membranes from at least three independent experiments.
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such a general pattern for new AKAPs identified too many false
positives (data not shown). Our recent observation that
H-bonds and salt bridges influence AKAP-RII binding (10) pro-
vided the possibility to refine the search pattern. Charged
amino acid residues, putative salt bridge, or H-bond partners
influence the isoelectric point (pI) of a peptide. Thus, although
the number and positions of amino acids that function as
acceptors or donors of H-bonds or salt bridges vary among
AKAPs, the calculated pI for RIIBDs should be limited to a
certain range. Indeed, the calculated pI for peptides derived
from several RIIBDs of AKAPs range from 3.43 to 6.23 (Fig. 14).
Taking into account the range of pI values, the conserved posi-
tioning of hydrophobic amino acid residues, and that the DD-
domain of the RII subunit dimer forms a nearly symmetric
groove (30), and thus assuming a 2-fold mirror symmetry for
the RIIBDs led to the following search pattern: (AVLISE)XX-
(AVLIE)(AVLI) XX(AVLI)(AVLIF)XX(AVLISE), where amino
acid residues in parentheses denote alternatives of the amino
acid residues in conserved positions of RIIBDs, and X stands for
any amino acid (Fig. 1, A and B). Utilizing this pattern and
limiting the range of pl values to 3.0 — 6.4, the Swiss-Prot Data-
base was searched for potential RII-binding proteins with the
ScanSite program. The search retrieved ~11,700 hits from Dic-
tyostelium discoideum, Saccharomyces cerevisiae, Drosophila
melanogaster, Danio rerio, Mus musculus, Rattus norvegicus,
and Homo sapiens. The cognate sequences of the human pro-
teins were retrieved utilizing the bioperl package and the cor-
responding identification numbers (31). Amino acid sequences
were extracted from the cognate proteins and extended by 9
amino acid residues at the N terminus and 4 amino acid resi-
dues at the C terminus of the hit sequence to obtain 25-mer
amino acid sequences. In total, 4519 peptides were derived
from 2352 human proteins. These peptides were further fil-
tered to exclude duplicates and so-called difficult sequences not
accessible to peptide spot synthesis (see “Experimental Proce-
dures”) (21, 23). For example, the RIIBD of mAKAP (also
termed AKAP6) was excluded as it contains a cysteine residue.
The filtering reduced the number of peptides to 2572. They
were spot-synthesized and subjected to RII overlay assay to test
their ability to bind RII subunits (supplemental Fig. 1 and sup-
plemental Table 1). Peptide spots were overlaid with **P-la-
beled RII subunits of PKA, and binding was detected by auto-
radiography. This approach is summarized in Fig. 1B.
Approximately one-third (829) of the 2572 peptides bound
RII subunits (Fig. 1C, Blocks 1-3). The peptide sequences are
indicated in supplemental Table 1. To select peptides binding
to RII subunits in a typical AKAP manner at the DD domain, all
RII-binding peptides were spot-synthesized again and probed
for RII binding with human RII subunits preincubated with the
peptide AKAP188-L314E. The peptide was derived from the
RIIBD of AKAP186. It binds RII subunits with subnanomolar
affinity (K, = 0.7 = 0.5 nm for binding to RIle) at the DD
domain and thereby prevents the interaction of RII with AKAPs
(10). As a control, RII subunits were incubated with the peptide
AKAP188-PP, which contains two prolines and does not bind
RII subunits (10). Among the 829 peptides, 27 (and additionally
9 derived from previously described AKAPs) reproducibly
interacted with RII subunits in the absence of peptide (control)
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and in the presence of peptide AKAP188-PP (Fig. 1D; for pep-
tide sequences see Table 1). Preincubation of RII subunits with
peptide AKAP188-L314E reduced or abolished RII binding to
the 27 RII-binding peptides. Thus, these peptides represent
putative RIIBDs of their cognate proteins (Fig. 1D). Secondary
structure predictions (32) of the candidate peptides revealed
high probabilities to form «-helices (data not shown).

GSKIP Binds PKA with High Affinity in Vitro—Among the
cognate proteins containing a putative RIIBD, GSKIP was char-
acterized with regard to its AKAP function. The sequence of the
putative RIIBD (TDMKDMRLEAEAVVNDVLFAVNNMEF) is
located between amino acid residues 28-52 of full-length
GSKIP (Fig. 1D and Fig. 24; Table 1). GSKIP is also named
C14orf129 after its chromosomal localization, chromosome 14,
open reading frame 129 (Swiss-Prot ID, GSKIP_human).

Initially, we aimed to validate the localization of the RIIBD
within GSKIP. For this purpose, an array of overlapping pep-
tides covering the entire sequence of GSKIP (139 amino acids)
was spot-synthesized (25-mers, shift 1) and subjected to RII
overlay assay. The cysteines in positions 5, 59, and 77 were
substituted with serines as cysteine-containing peptides are not
accessible to spot-synthesis (see “Experimental Procedures”).
The RII subunits bound to a series of overlapping peptides (Fig.
2A, C4-D6) such as is expected for a continuous binding
domain, i.e. decreasing affinity upon increasing distance from
the region of maximal binding. The RII subunits bound the
previously identified peptide TDMKDMRLEAEAVVNDVL-
FAVNNMEF with the highest apparent binding affinity (Fig. 24,
peptide C08). The lower panel of Fig. 2A shows the sequences
of the binding peptides with hydrophobic amino acid resi-
dues highlighted. They are in conserved positions of the
amphipathic helix binding the DD domain (for comparison
see Fig. 1, A and B). The RII subunits bound additional peptides
(F1-5 and J5-L5) with low apparent binding affinities suggest-
ing that GSKIP contains a second RII-binding site. However,
further experiments indicated that sites other than the RIIBD in
positions 28 —52 of GSKIP are not involved in RII binding in
cells (data not shown).

The influence of individual amino acid residues within the
RIIBD of GSKIP on the interaction with RII subunits was deter-
mined by probing a peptide substitution array of the GSKIP
RIIBD for RII binding (Fig. 2B). In this array every amino acid
residue of the RIIBD (vertical sequence) was substituted with
the amino acid residues indicated above the array (Fig. 2B).
When hydrophobic amino acid residues in conserved positions
of the RIIBD were substituted by polar or charged amino acid
residues, RII bound with apparently lower affinity, or binding
was abolished. The nature (e.g. the size) of the hydrophobic
residues at particular positions appears to be important for the
interaction with RII subunits because substitution of a hydro-
phobic amino acid residue with another hydrophobic residue
frequently decreased the interaction with RIIL For example, the
Val-Val sequence at positions 40 and 41 within GSKIP shows
variable tolerance for isoleucine, leucine, tyrosine, and trypto-
phan (Fig. 2B, solid boxes). As expected from a typical AKAP,
introduction of proline into the RIIBD reduces or abrogates the
interaction with RII subunits as the a-helical structure of the
core RIIBD is lost (Fig. 2B, dashed box).
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TABLE 1
Sequences of peptides from Fig. 1D

Spot numbering corresponds to positions of peptide spots on the membrane in Fig. 1D. Part A, control peptides. Part B, peptides derived from AKAP candidates. Protein
identification (ID) and primary accession numbers (AC) relate to entries in the Swiss-Prot Database. Abbreviations for proteins as shown in Fig. 1D, and the corresponding

full names of the cognate proteins are indicated.

A Control peptides

Spot Sequence Description
AO01 QIEYLAKQIVDNAIQQA AKAPIS
A02 QIEYLAKQIPDNAIQQA AKAPIS-P
A03 KGADLIEEAASRIVDAVIEQVKAAG Ht31
A04 KGADLIEEAASRIPDAPIEQVKAAG Ht31-PP
A05 PEDAELVRLSKRLVENAVLKAVQQY AKAP186-wt
A06 PEDAELVRTSKRLVENAVLKAVQQY AKAP186-L304T
AO07 PEDAELVRLSKRDVENAVLKAVQQY AKAP186-L308D
A08 PEDAELVRLSKRLPENAVLKAVQQY AKAP186-p
A09 PEDAELVRLSKRLPENAPLKAVQQY AKAP185-pp
A10 PEDAELVRLSKRLVENAVEKAVQQY AKAP186-L314E
B AKAP candidates
Spot Sequence ProteinID Primary AC Description
BO1 NTDEAQEELAWKIAKMIVSDIMQQA AK10 043572 AKAP10
B02 VNLDKKAVLAEKIVAEATEKAEREL AK11 QIUKA4 AKAP11
B03 NGILELETKSSKLVQNIIQTAVDQF AK12 Q02952 AKAP12
B04 TQDKNYEDELTQVALALVEDVINYA AK14 Q86UNG6 AKAP14
B05 LVDDPLEYQAGLLVQNAIQQAIAEQ AKA2 Q9Y2D5 AKAP2
B06 QYETLLIETASSLVKNAIQLSIEQL AKAS5 P24588 AKAPS5
BO7 LEKQYQEQLEEEVAKVIVSMSIAFA AKA9 Q99996 AKAP9
B0O8 EEGLDRNEEIKRAAFQIISQVISEA AKP1 Q92667 AKAP1
B09 ETSAKDNINIEEAARFLVEKILVNH RB32 Q13637 Ras-related protein Rab-32.
B10 RLLWRLPAPVLVVLRYLFTFLNHLA RHG4 P98171 Rho-GTPase-activating protein 4.
CO01 ADRGSPALSSEALVRVLVLDANDNS CDB2 QIYS5E7 Protocadherin beta 2 precursor.
C02 SDRGSPALSSEALVRVLVLDANDNS CDB9 Q9Y5E1 Protocadherin beta 9 precursor.
C03 TDRGFPALSSEALVRVLVLDANDNS CDBF QIY5E8 Protocadherin beta 15 precursor.
Co04 EKESLTEEEATEFLKQILNGVYYLH DAK1 P53355 Death-associated protein kinase 1.
C05 APSDPDAVSAEEALKYLLHLVDVNE IKAP 095163 IkappaB kinase complex-associated protein.
C06 EKRVADPTLEKYVLSVVLDTINAFF IP3T Q14573 Inositol 1,4,5-trisphosphate receptor type 3.
co7 QENLSLIGVANVFLESLFYDVKLQY K13B QINQTS8 Kinesin-like protein KIF13B.
C08 HQSVVYRKQAAMILNELVTGAAGLE K406 043156 Protein KIAA0406.
C09 EKGYYSERDAADAVKQILEAVAYLH KCC4 Q16566 Calcium/calmodulin-dependent protein kinase type IV catalytic chain.
C10 KDKLKPGAAEDDLVLEVVIMIGTVS KFP3 Q92845 Kinesin-associated protein 3.
DO1 VKLSNLSNLSHDLVQEAIDHAQDLQ LMA4 Q16363 Laminin alpha-4 chain precursor.
D02 SKTEQPAALALDLVNKLVYWVDLYL LR1B QINZR2 Low-density lipoprotein receptor-related protein 1B precursor.
DO03 QQLQKQLKEAEQILATAVYQAKEKL MED4 QINPJI6 Mediator of RNA polymerase II transcription subunit 4.
D04 HSVMDTLAVALRVAEEATEEATSKA MRIP Q8NFW9 Rab effector MyRIP.
D05 RQVQETLNLEPDVAQHLLAHSHWGA PARC Q8IWT3 p53-associated parkin-like cytoplasmic protein.
D06 FLAGETESLADIVLWGALYPLLQDP SYM P56192 Methionyl-tRNA synthetase.
D07 WLYLQDQNKAADAVGEILLSLSYLP SYTC P26639 Synaptotagmin-12.
D08 SELLKQVSAAASVVSQALHDLLQHV TLN2 QIY4G6 Talin 2.
D09 LKISPVAPDADAVAAQILSLLPLKF TMS3 P57727 Transmembrane protease, serine 3.
D10 QMKAKRTKEAVEVLKKALDAISHSD TTC6 Q86TZ1 Tetratricopeptide repeat protein 6.
EO1 DIPSADRHKSKLIAGKIIPAIATTT UBA1 P22314 Ubiquitin-activating enzyme E1.
E02 VLASAYTGRLSMAAADIVNFLTVGS 7297 015209 Zinc finger protein 297.
EO03 TDMKDMRLEAEAVVNDVLFAVNNMF CN129 QOPOR6 GSKIP (UPF0279 protein, Cl4orfl29; HSPC210).
E04 ENREKVNDQAKLIVGIVVGLLLAAL C166 Q13740 CD166 antigen precursor.
EO05 STDEYYYYALAIVVMSIVSIVSSLY ATY3 Q9H7FO Probable cation-transporting ATPase 3.
E06 RSNDKVYENVTGLVKAVIEMSSKIQ FAK1 Q05397 Focal adhesion kinase 1.
EO07 DQRKMLLVGSRKAAEQVIQDALNQL HIP1 000291 Huntingtin interacting protein 1.

Next, it was investigated whether full-length GSKIP func-
tions as an AKAP. cDNA encoding full-length GSKIP (amino
acid residues 1-139) was obtained from human neuroblastoma
cells (SH-SY5Y) and utilized for the generation of recombinant
GSKIP fused with a His tag (His-GSKIP). The tag was removed
by thrombin protease cleavage, and the interaction of GSKIP
with the DD domain of RIla was analyzed by NMR experiments
(Fig. 3A). The spectra confirmed that the above described
RIIBD is located at positions 28 —52 of the protein and binds the
DD domain. Resonance attenuation in the presence of the DD
domain could be assigned to residues within the RIIBD (Leu-35,
Val-41, Phe-46, and Ala-47) but also within the B-sheet region
of GSKIP and in the C-terminal helix in proximity to the RIIBD
(Fig. 34, D112, L114, F122, and G123).

To quantify the interaction of GSKIP with recombinant
human RIla- and RIIB-subunits, Biacore technology was
employed. R subunits were captured on 8-AHA-cAMP sensor
surfaces to yield an average surface concentration of 120-200
resonance units (see “Experimental Procedures” for details).
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His-tagged GSKIP was injected as an analyte at different con-
centrations (8 =256 nm). Association and dissociation rate con-
stants were determined, and equilibrium binding constants of 5
and 43 nM were calculated for RIla and RIIS, respectively (Fig.
3B and Table 2). The interactions were reduced by 80% if the
experiments were carried out in the presence of the peptide
AKAP188-L314E (data not shown). GSKIP did not bind to RI
subunits (data not shown).

In addition, we tested whether immunoprecipitated full-
length GSKIP binds RII subunits. Human full-length GSKIP
was transiently expressed in HEK293 cells as a fusion with cyan
fluorescent protein (Fig. 3C, CFP-GSKIP). A fusion protein
containing two prolines in the RIIBD of GSKIP (CFP-GSKIP-
V41P/L45P) was generated as a negative control. The fusions
were immunoprecipitated with rabbit anti-GSKIP-antibody
and tested for RII binding in an RII overlay (Fig. 3C, upper
panel). RII subunits bound to immunoprecipitated proteins
corresponding in size to CFP-GSKIP (48 kDa). No signal was
detected when the precipitation was carried out with the cor-
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FIGURE 2. Rll-binding domain of GSKIP. A, mapping the Rll-binding domain of GSKIP. The entire sequence of GSKIP (139 amino acid residues) was spot-
synthesized as overlapping peptides (25-mers, 24 amino acid residue overlap) and probed for RIl binding by RIl overlay assay. Signals were detected by
autoradiography. Peptide sequences binding Rl (position C06 -D06) are displayed in the lower panel. Hydrophobic amino acid residues in conserved positions
of Rll-binding domains are shaded in gray (compare Fig. 1A). As controls, PKA anchoring disruptor peptides (row M) were synthesized. B, influences of single
amino acid residues within the GSKIP RIl-binding domain on the interaction with Rl subunits. The scheme (left) depicts the location of the Rll-binding domain
(RII-BD) within GSKIP. Peptides derived from the RIl-binding domain (positions 28 -52 within GSKIP; vertical) and the indicated control peptides in row Z were
spot-synthesized. The amino acid residues of the RIl-binding domain were substituted with the residues indicated at the top of the membrane. Interaction of
the peptides with RIl subunits was revealed by Rll overlay assay and detection by autoradiography. Solid boxes, peptides substituted at amino acid residues in
conserved positions of the Rll-binding domain. Dashed box, introduction of prolines into the RIl-binding domain reduces or abolishes RIl binding. Amino acid

residues are indicated by single letter code. A and B, displayed are representative membranes from at least three independent experiments.

responding preimmune serum. In addition, the precipitated
proteins bound RII subunits only in the absence of the peptide
AKAP188-L314E (see above). As expected, the introduction of
two prolines into positions 41 and 45 abolished binding to RII
subunits. Taken together, the data show that full-length GSKIP
binds PKA at its RIIBD between amino acid residues 28 and 52
and thus functions as an AKAP. Similar amounts of the fusions
of CFP with wild type GSKIP and CFP with GSKIP-V41P/L45P
were precipitated (Fig. 3C, lower panel). This was revealed
when the amounts of precipitated proteins were compared by
Western blotting with anti-green fluorescent protein antibody.
The experiment also confirmed the specificity of the anti-
GSKIP antibody. This antibody precipitated the fusions con-
taining the GSKIP versions and CFP but not CFP alone, or other
proteins corresponding in size to CFP (28 kDa) were specifically
detected (Fig. 3C, lower panel).
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GSKIP Is Widely Expressed and Functions as an AKAP in
Vivo—Homogenates from various rat organs were subjected to
SDS-PAGE and Western blotting with our rabbit anti-GSKIP
antibody (Fig. 44). GSKIP was detected in all tested organs. The
highest GSKIP protein levels were found in testis and brain (Fig.
4A). These results are in accordance with those of Chou et al.
(20) who demonstrated ubiquitous expression of GSKIP mRNA
and with data base entries showing organism-wide GSKIP
expression, e.g. Serial Analysis of Gene Expression (SAGE)
studies as summarized under the gene card homepage of
the Weizmann Institute. To determine whether endogenous
GSKIP binds regulatory subunits of PKA and thus functions as
an AKAP in vivo, cAMP-agarose pulldown assays and Western
blotting were carried out using lysates derived from various rat
tissues (Fig. 4B). Cyclic AMP-agarose precipitates regulatory
subunits of PKA, including their interacting partners. Co-pre-
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TABLE 2

Apparent rate and equilibrium dissociation constants of GSKIP
binding to Rlla and RII

Surface plasmon resonance measurements using Biacore technology were per-
formed to determine rate constants (k, and k,) and equilibrium binding constants
(K},) for the interaction of His-tagged GSKIP with human R subunits. RIle and RIIB
were reversibly captured via 8-AHA-cAMP, which was covalently coupled on a
CMS5 sensor chip (not shown in the plot). His-GSKIP was injected over RIla and
RIIB surfaces (Fig. 3B). Association and dissociation phases were monitored for 5
min, respectively. No binding was detected when Rla and RIS were captured (data
not shown).

k, kq Ky

mtst st nm

Rlla 1.3 X 10° 6.6 X 10°* 5
RIIB 2.8 X 10* 12 X103 43

cipitated GSKIP was detected by immunoblotting with rabbit
anti-GSKIP antibody. Immunoblotting revealed a band of the
expected molecular weight (Fig. 4B, 17 kDa, —cAMUP), which
was not detected if the cAMP-agarose pulldown was carried out
in the presence of excess cCAMP (+cAMP). As a control, RIla
subunits were detected by Western blot. In addition to full-
length Rllq, several other bands were detected. These may be
degradation products mainly observed in kidney and lung,
which are protease-rich tissues (33). The data show that GSKIP
functions as an AKAP in vivo (Fig. 4B).

To investigate the cellular localization of GSKIP, we pre-
pared subcellular fractions of SH-SY5Y cells expressing GSKIP
endogenously. The enrichment of nuclei and cytosol was mon-
itored by detecting lamin A/C (nucleus) and GAPDH and tubu-
lin (both cytosol). Apparently, GSKIP is localized exclusively in
the cytosol (Fig. 4C). This resultis in line with a prediction using
the subcellular localization prediction program pTarget (34),
which calculated a cytoplasmic localization of GSKIP with a
high confidence of 87.6%. The soluble fraction also contains
high amounts of GSK3 and PKA Rlla subunits. These two
proteins were also present in the nuclear and membrane frac-
tions. This has been shown previously for both proteins (35).
Laser scanning microscopic analysis was carried out to examine
whether GSKIP and Rlla co-localize in the cytosol. For this
purpose, the two proteins were expressed in HEK293 cells as
fusions with CFP and yellow fluorescent protein, respectively.
CFP-GSKIP is distributed throughout the cells, including the
nucleus (Fig. 4D). The RII-binding deficient mutant CFP-
GSKIP-V41P/L45P displays a similar distribution. The nuclear
localization of the GSKIP versions is most likely due to the CFP

GSKIP Is an AKAP

moiety, which is known to target various proteins to the nucleus
(36). Similarly to the GSKIP versions, YFP-RIla was distributed
throughout the cytoplasm but was not found in the nucleus,
probably due to the higher molecular weight of this fusion pro-
tein in comparison with CFP-GSKIP. Together with our molec-
ular interaction and pulldown studies (Figs. 3 and 4), our data
indicate that GSKIP and Rlla co-localize and form complexes
in the cytosol of cells. We compared the localization of GSKIP
to another AKAP, AKAP18«, which is lipid-anchored and thus
located in the plasma membrane.

RII-binding Domain of GSKIP Is Located within the Domain
of Unknown Function 727—Screening the InterPro data base
(37) revealed that GSKIP orthologues contain the “domain of
unknown function 727” (DUF727; InterPro data base accession
number IPR007967) based on their protein sequence similarity.
DUF727 spans amino acid residues 32—139 of human GSKIP.
This domain, covering almost the full-length of GSKIP, includ-
ing the RIIBD, is conserved within metazoans. For example, the
domain shows a 68% amino acid identity between zebrafish and
human proteins. To test whether the members of the DUF727
family bind RII subunits, peptides homologous to the RIIBD of
GSKIP were identified in various vertebrate and invertebrate
family members, spot-synthesized, and subjected to RII overlay
assay with human RIla subunits (Fig. 5A4). All peptides derived
from the indicated vertebrate proteins bind to human RIla sub-
units. Binding was abolished if the RII subunits were preincu-
bated with the peptide AKAP188-L314E, suggesting that the
cognate proteins function as AKAPs. The high degree of con-
servation implies that the AKAP function of GSKIP and its
orthologues is involved in the control of mechanisms common
to all vertebrates. The sequence identity of the putative RIIBDs
of the vertebrate and invertebrate species is low, e.g. between
the human GSKIP (Q6POR6) and the C. elegans orthologue
(Q9XWX6) <40% (Fig. 5A). In addition, there are fewer hydro-
phobic amino acid residues in the invertebrate sequences com-
pared with those in conserved positions of the vertebrate
sequences. These differences most likely account for the obser-
vation that binding of human RIla subunits to the peptides
derived from the indicated invertebrate proteins was appar-
ently weak or undetectable (Fig. 54). Thus, it appears that the
invertebrate proteins may either be low affinity AKAPs or do
not possess an AKAP function. We have confirmed that our
approach can identify both vertebrate and invertebrate AKAPs.

FIGURE 3. GSKIP functions as an AKAP in vitro. A, GSKIP and the DD domain of human regulatory Rlla subunits of PKA were generated and NMR measure-
ments performed. "H-">N heteronuclear single quantum coherence spectra of the GSKIP domain in the absence (red) or presence of DD (black) at 1:0.5 ratio are
shown. Disappearance of the GSKIP resonances is caused because of chemical exchange broadening and/or increased transverse relaxation rate due to high
molecular weight of the complex. Lower panel, Protein Data Bank structure of GSKIP (Protein Data Bank code 1sgo) The RIl-binding domain (black) encompasses
the amphipathic a1-helix of GSKIP. The conserved hydrophobic amino acid residues Ala-37, Val-40, Val-41, Val-44, Leu-45, and Val-48 (see also Fig. 1A) are
depicted as ball-and-stick models. The contact interface for Rll binding is hidden by a B-sheet. B, surface plasmon resonance measurements to determine the
association and dissociation rate constants (see Table 2) for the binding of GSKIP to PKA regulatory Rll subunits. Human Rlla and RII 8 subunits (upper and lower
panel, respectively) were captured on 8-AHA-cAMP sensor chips, and His-GSKIP was injected into the Biacore instrument in the indicated concentrations. The
plots show representative experiments. Each experiment was repeated at least three times using different protein preparations and different immobilization
rates of the regulatory subunits. RU, resonance units. C, immunoprecipitated (/P) GSKIP binds RIl subunits. Cyan fluorescent protein (CFP; lane 1) and the
indicated fusions of human full-length GSKIP with CFP (lane 2) and GSKIP-V41P/L45P with CFP (lane 4) were transiently expressed in HEK293 cells. CFP-GSKIP-
V41P/L45P contains prolines in the RIl-binding domain disrupting the a-helical structure and thus preventing the interaction with RIl. The cells were lysed, and
GSKIP was immunoprecipitated with anti-GSKIP antibodies, or the precipitation was carried out with the corresponding preimmune serum. Precipitated
proteins were probed for Rl binding by Rll overlay assay in the absence (control) or in the presence of the PKA anchoring disruptor peptide, AKAP185-L314E (10
uMm). Signals were detected by autoradiography. Lane 3, molecular weight standard. Lower panel, Western blot (WB) with anti-green fluorescent protein
antibody (also detects CFP (26)) for the detection of CFP, CFP-GSKIP, or CFP-GSKIP-V41P/L45P in HEK293 cells transiently expressing the proteins. Proteins were
detected in precipitates obtained with rabbit anti-GSKIP antibody (/P, left panel) or obtained with preimmune serum (middle panel) or in cell lysates.
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D. melanogaster DAKAP550 (also termed neurobeachin (38) or
rugose) contains two RII-binding sites (39). Both sites were
identified by our AKAP candidate search, and binding was con-
firmed by RII overlay with human Rll« (data not shown).
Aninteraction of GSKIP with GSK3 has been demonstrated
for the human proteins (20, 40) but also for the C. elegans ortho-
logues of GSKIP (Q22757) and GSK3p (41). Axin interacts with
GSK3pB. The GSK3B-binding sites of GSKIP and of axin are
homologous (20). The axin/GSK3f interaction is brought
about by four hydrophobic amino acids of an axin a-helix bind-
ing to a hydrophobic groove in GSK3 (42). Sequence compar-
ison revealed that three amino acids of axin, essential for the
binding to GSK3p, are conserved in 41 of 51 members of the
DUF727 family, i.e. the GSKIP orthologues (Phe-122, Leu-126,
and Leu-130 in human GSKIP, see Fig. 5B). These 41 proteins
also have a hydrophobic amino acid in the position correspond-
ing to Leu-133 in human GSKIP. In this position, various
hydrophobic amino acids are permissive for GSK3 binding as
seen in axin-1 and axin-2, which contain valine and leucine
residues. To test whether the putative GSK3p interaction
domains of the DUF727 proteins bind GSK3p, peptide spots of
the corresponding sequences were incubated with recombi-
nant GST-GSK3pB (serine was used for peptide synthesis
instead of cysteine, see “Experimental Procedures”). Binding
was detected with an anti-GST antibody. As negative controls,
the peptide spots were incubated with GST, and in addition, the
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FIGURE 4. GSKIP is widely expressed and functions as an AKAP in vivo. A, lysates from the indicated rat
organs were subjected to Western blot (WB) analysis with an anti-GSKIP antibody and, as a loading control,
anti-GAPDH antibody (167 ug of total protein per lane). B, cAMP-agarose pulldowns were obtained from the
indicated rat tissue lysates (3 mg of total protein in each sample) in the absence (—
50 um) of cAMP. Rlla subunits of PKA and GSKIP were detected with specific antibodies by Western blotting.
skel., skeletal. C, indicated subcellular fractions were obtained from SH-SY5Y cells. 10 ng of total protein from
each fraction was analyzed for the presence of the indicated proteins by Western blotting. D, GSKIP and Rlla
co-localize in HEK293 cells. HEK293 cells were transiently transfected to express YFP-RIla and fusions of CFP
with wild type GSKIP (CFP-GSKIP WT), GSKIP-V41P/L45P, or as a plasma membrane marker AKAP18c.

5B). No binding of GST to any of
the peptides or of GST-GSK3p to
Leu — Pro mutant peptides was
observed. In summary, the data
indicate that GSK3 binding is con-
served in almost all GSKIP ortho-
logues/DUF727 proteins from fungi
to mammals and that all vertebrate
DUF727 proteins possess an AKAP
function.

GSKIP Forms a Ternary Complex
with PKA and GSK3[ and Facili-
tates PKA  Phosphorylation of
GSK3B—We aimed to elucidate the
function of the GSKIP/PKA interac-
tion. GSKIP interacts with GSK3
through amino acids 115-139 of
GSKIP (20). We therefore hypothe-
sized that GSKIP facilitates PKA
phosphorylation of GSK3p. Ini-
tially, we investigated whether
GSKIP forms a ternary complex
with GSK3 and PKA in an enzyme-
linked immunosorbent assay-based
approach (Fig. 6A). If wells of micro-
titer plates were coated with GSKIP,
GSK3B bound as detected with anti-GSK3 and secondary
HRP-coupled antibodies. If GSKIP was omitted, i.e. wells were
blocked with blocking solution without GSKIP, signals were
hardly detectable (Fig. 6A, left panel). If increasing concentrations
of GSK3 in combination with constant amounts of GSKIP were
added to RIla-coated wells, a complex consisting of the three pro-
teins formed. Complexes accumulated with increasing concen-
trations of GSK3p, as detected with anti-GSK3 and secondary
HRP-coupled antibodies. As negative controls, wells were
blocked and incubated with GSKIP and GSK3p or coated with
RIla and incubated with GSK3p in the absence of GSKIP. In
neither negative control was significant binding of GSK3p
observed. This indicates that neither GSKIP nor GSK3 bound
to blocked wells and that GSK3 interacts indirectly with RIla
via GSKIP. Thus, GSKIP is a scaffolding protein recruiting
GSK3p and RII subunits and positions the two proteins in close
proximity.

Next, we examined whether GSKIP facilitates PKA phosphory-
lation of GSK3B. HEK293 cells expressing GSK3B endog-
enously (Fig. 6B) were transiently transfected to express CFP or
a fusion of CFP with GSKIP and left untreated or were treated
with forskolin (20 wm, 30 min). A basal level of phosphorylated
GSK3pB (p-GSK3pB) was detectable in both CFP and CFP-
GSKIP-expressing cells. The level, however, was higher in cells
expressing CFP-GSKIP. Forskolin is a direct activator of aden-
ylyl cyclases and induces a rise in cAMP activating PKA. In

YFP-Rlla

cAMP) or presence (+ cAMP;
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A Spot  Species Prot.-ID Position Sequence B Spot sPeCIes Prot.-ID sequence Vertebrates
* Overlay: GST-GSK3p
1 H. sapiens Q9POR6 (28-52) TDMKDMRLEAEAVVNDVLFAVNNMF 1 H. sapiens 015169 VRVEPQKEAEEBTHREEAMORTREA Axin-1  Detection: anti-GST
2 H. sapiens(var) Q9POR6 (28-52) TDMKDMRLEAEAVVNDVLSAVNNME 2 H. sapiens Q9Y2T1 TPVEPATEAAEHISREEKLKLE. Axin-2 1.2 34 5 6 7 8 910 111213 17 27
3 R. norvegicus  Q5PPI3 (28-52) TDMKDMQLEAEAVVNDVLFAVNNME | —m=—=——= -————— —-——— — - ———-
4  B. taurus QOP5A3 (74-98) TDMKDMRLEAEAVVNDVLFAVNTMF 3 H. sapiens Q9POR6  SPAYREAFGNALLOREEALKRDGOS |m.. ‘
5 C. familiaris  XP_873500 (28-52) ADMKDMKLEAEAVVNDVLFAVNNME 4 M. fascicularis Q4R812  SPAYREAFGNARLORBEALKRDGOS
6 M. musculus 03TBR1 (33-57) ADMKDMQLEAEAVVNDVLFAVNHMF ” 5 . Q3TBR1  SPAYREABGNABLOREEALKRDGOS 3 47 5 6" 77 8 97107 11P12P 1P
7 G. gallus Q57MC6 (28-52) TDVKDMRLEAEAVVNDVLFAVSNMF Qo 6 M. 08BGR8  SPAYREAEGNANLOREEALKRDGQS Overlay: GST
8 7. nigroviridis Q4RLX4 (24-48) GDMKDMRLEAEAVVNDVLFAVSQMH g , %, osep13  seavrealonallLorllEankrocos Detection: anti-GST
9 X. laevis 0Q6IRMA (26-50) TEGKDMSLEAEAIVNDVLFAVGNMF @© R 12 34 5 6 7 8 910 111213 1P 2°
10 D. rerio 072ZWId (23-47) GEVKDMRLEAEAVVNDVLFAVSDMH 5 8 5. QOPSA3  SPAYREARGNARI.OREEALKREGQS
> 9 G. 05ZMC6  SPAYREVEGNANLOREEALKRDSQS ‘
vertebrates 10 X. Q6IRM4  SPAYREAEGNANLOREEALKRDGQ- e e
1 X. RATIWS SPAYREAEGNABLORBEALKRDGQS
W control 12 T. Q4RLX4  SPGYREAEGNANLQREESLSONGQ- *position of L>P mutation in spots 17-13°
13 D. Q7ZWI4  SPGYREAEGNANLOREERLKONGQ-
T B. T TBeKZ48  SLGYROSHGETBONREEAL-—---- -
| | Peptide AKAP185-L314E 15 c. B1V8J2 SPGYRERESEKEBVOREKLIEAGEED
T 2 3 4 5 6 7 8 9101 12 16 c. Q9XWX6 ~ SPGYRERESEKEVOREKLIEAGEED
7 c ABXOE3 RERESEKLVOREKLIEAGEED
| control 18 c. Q9XWX7  SPGYRERESEKEBVOREKLIEAGEED Invertebrates/fungi
9 B. ABPCTO  SPNYRNLESEKEAQKERMLOTDDDD Overlay: GST-GSK3p
| Peptide AKAP183-L314E 2 C. elegans Q22757  SPLFRETEGSKLISKLSELKKERSD Detection: anti-GST
21 C. briggsae ABWIY2  SPEYROREGGENITKESAVAVEQEK =
invertebrates 2 B. malayi ABPII8  SPEFRNOEANKESNKETABSNGVAE ;; : : : : :: o ; ‘ . ii
s B. malayi A80216 SPAHSQYETKCETEKETQLHAWRKA m W2
Spot Species Prot.-ID  Position Sequence * o BAKVHS - SPRYVESHCNKRCOORRALOQMRTE
25 D. BALE1l  SPRYVESHGNKECQOEROLOOMRTE Overlay: GST
1 C. elegans QOXWX6 ( 78-102) GGESSLELERTARVHELSFAVQSIS % D. BAIXM7  SPRYVESEGNKHCQOERQLOOMRTE Detection: anti-GST
2 C. elegans Q9XWX7 (151-175) GGESSLELEAIAAVHELSFAVQSIS . .. panen?  seryvEshenollcoolRoEOOMRTE
3 C. briggsae Q61TP3 ( 78-102) GGESSLELEAIAAVHELSFAVSSIS 14 28
4 C. elegans 09XU41 (137-161) DDVGPLELEAIAAVHELAHEVODIS 28 D. pseudoobscura 029DM0  SPRYVESEGNOHCOOEROLOOMRTE 29 43
5 C. briggsae 0628G9  (135-159) DDVGPLELEAIAAVHELAHEVEDIS 2 D. willistoni BAMN9S  SPRYVESEGNOBCOONROLOOMRTE 44 €52
6 C. briggsae 0620Y2 ( 36- 60) AEKTGLEETAMAAVREHAFAVNLIG 30 D. BAIAZ4  SPRYVESEGNOBCQOERALQOMRTE
7 C. elegans 022757 ( 37- 61) VEKSTLEEEAMAAVRENAFAVNLIG § 31 b paoxr7  seryvesfenolcoolratogrrE
8 D. melanogaster Q9VNV2 ( 13- 37) EQAFNCEDEANALINDVKAHVAEIC © 2 N oovnve  serevsHenolcoclkazoguRTE
9 . japonicum QS5DESY ( 21- 45) ENVKLCSVEAKAAIAEVGFGVKEIC 2 w =~ i )
10 A. gambiae Q70L76 ( 14- 38) ANIIDWAQEAESVIRDIAEHVKEAS b= D 3 B4IT98  SPRYVESEGNOECOOERALOOMRTE
11 A. gambiae Q5TRP4 ( 14- 38) ANIIDWAQEAESVIRDIAEHVKEAS 2 34 D. yakuba BAPI65 SPRYVESEGNOEBCQOERALOOMRTE
12 D. melanogaster Q9V8F3 ( 8- 32) ENDFHALREAQRMVDSCQDFADHLI £ 35 D. erecta BINJ33  SPRYVESEGNONCQONRALQOMRTE
36 D. ananassae B3MAL2 %
37 N. A7SRB6 1 °
38 S. japonicum Q5DES9  SQLFRECHSQRESDQBEELYKROSK E
39 I. scapularis B7Q414  SPAYRRLESEABAAKEEKLKONQ-- e
40 T. adhaerens B3RSY6 SPLYRESEGQAVIAKENKFKETDPQ 3
4 C. elegans Q9XU41  SPDHATRENECVAQKESKLAEVAVQ
42 D. sechel B4HNL8 SPLYGEKEGFGREPLGKRKEKRS -~
43 D. simu B4QCCY  SPLYGEKEGFGREPLGKRKEKRS--
44 D. ananassae B3MBC3 SPLYAEEEGFGRVPLKQK-~—
45 D. melanogaster QI9V8F3 SPLYGEKYGFGREPLGKRKEKQS--
46 D. erecta B3NMQ4  SPLYGEKYGFGREPLRKRKE-----
47 D. yakuba B4P4M9 SPLYGEKYGFGREPLRKRKE.
48 D. persimilis B4GIW3 SPLYAEVAESRGRPTTPRSDGG!
49 D. 028YT5  SPLYAEVAESRGRPTTPRSDGGGG-
50 C. BOXA92 RLVGNGAMVEGSEEVGEGLEGPD--
- c. ABWMZL -
> 51 L. A582J6  SPTFRNOFGNEFIRKEEILOKSQSD
5 52 p. A5DB11 SPAFRDEEAQRESSQEEQLQS----

FIGURE 5. GSKIP contains the evolutionarily conserved DUF727, which binds PKA and GSK3p. A, Ril-binding domain of GSKIP is located within DUF727.
Shown are sequence alignments of the Rll-binding domain of GSKIP with orthologues from the indicated vertebrate and invertebrate species (upper and lower,
panels, respectively). Swiss-Prot protein identification codes (Prot.-ID) and positions of the RIl-binding domains within the cognate proteins are indicated (for
Canis familiaris, the NCBI protein accession is given as no Swiss-Prot entry was available). Amino acid residues in conserved positions of Rll-binding domains are
shaded in gray (see also Fig. 1A). Peptides depicted in the alignments were spot-synthesized and assayed for Rl binding in the absence (control) or the presence
of the PKA anchoring disruptor peptide AKAP185-L314E (10 um). Signals were detected by autoradiography. Numbers of the spots correspond to the
respective numbers in the alignments. Shown are representative membranes from three independent experiments. B, GSK3 8 binding is conserved in GSKIP
orthologues. Left panel, alignment of all 51 DUF727 proteins with the C terminus of human GSKIP (amino acids 115-139) and human axin-1 and -2. Hydrophobic
residues required for GSK3 3 interaction, which are identical (dark gray) or similar (bright gray) to human axin-1, are highlighted. Right panel, peptide spots of
corresponding sequences in the alignment were spot-synthesized and incubated with GST-GSK33 or GST as a negative control. Peptides marked with a P
contain an Leu — Pro (L—P) mutation in the position corresponding to amino acid 130 in human GSKIP (asterisk in left panel). Protein binding was detected
with an anti-GST antibody. Both axin peptides and 40 of 50 DUF727 peptides bound GST-GSK3B. This result is representative for three independent

experiments.

CFP-GSKIP-expressing cells, forskolin treatment induced a
2.5-fold higher increase of GSK3 phosphorylation than in cells
expressing CFP alone. In addition, preincubation of the cells
with the PKA inhibitor H89 prevented the forskolin-induced
and GSKIP-dependent increase in p-GSK3. The data indicate
that GSKIP facilitates PKA-mediated phosphorylation of
endogenous GSK3p. To determine whether the AKAP function
of GSKIP is required for this, we incubated untransfected
HEK293 cells with a peptide derived from the C terminus of
GSKIP, GSKIPtide (20), which represents the GSK3f interac-
tion domain of GSKIP (Fig. 6C). GSKIPtide displaces GSK3
from GSKIP and thus from its associated pool of PKA. GSKIP-
tide caused a 2-fold increase in p-GSK3p (Fig. 6C), indicating
that the GSK3p interaction domain of GSKIP is sufficient to

FEBRUARY 19, 2010VOLUME 285+NUMBER 8

increase GSK3B phosphorylation. The observation that
GSKIPtide-induced phosphorylation is blocked by H89
shows that this reaction is PKA-dependent. The extent of
GSK3p phosphorylation in GSKIPtide-treated cells was com-
parable with FSK-treated cells. The inactive peptide GSKIP-
tide-L130P, which does not bind to GSK3p, had no effect on
GSK3B phosphorylation. FSK did not increase GSK3f phos-
phorylation in GSKIPtide-treated cells (Fig. 6, B and C). Alto-
gether, it appears that the interaction of the anchoring protein
with the substrate by itself renders the substrate protein a better
target for PKA whether or not PKA is anchored. Additionally,
the AKAP function of GSKIP enhances PKA-dependent phos-
phorylation of GSK38 in the ternary complex consisting of
GSKIP, PKA, and GSK3p.
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FIGURE 6. GSKIP forms a ternary complex with regulatory Rlla subunits of PKA and GSK3p and
facilitates PKA phosphorylation of GSK3p. A, left panel, wells of microtiter plates were coated with
His-GSKIP (500 nm) and incubated with GSK38 (0.25-64 nwm) in blocking buffer or with blocking buffer
without GSK3B. GSK3 was detected with anti-GSK38 and secondary HRP-conjugated antibodies and an
HRP-catalyzed reaction with a chromogenic substrate solution. Right panel, wells of microtiter plates were
coated with Rlla (50 nm) in blocking buffer or with blocking buffer in the absence of Rlla. GSKIP (250 nm)
in combination with increasing amounts of GSK33 (0.25- 64 nm) was added. To quantify unspecific signals,
the GSKIP-GSK3 3-combination was incubated in wells blocked in the absence of Rlla (A). Direct binding of
GSK3B to Rlla was assessed by incubation of Rlla-coated wells with GSK3 (0.25-64 nm; O). Detection was
carried out as above. B, left panel, CFP or CFP-GSKIP was transiently expressed in HEK293 cells. The cells
were left untreated, incubated with the direct activator of adenylyl cyclases, forskolin (20 wm, 30 min), or
pretreated with the PKA inhibitor H89 (30 wm, 30 min prior to FSK treatment). Cells were lysed, and
CFP-GSKIP, phosphorylated (p-GSK3p), and total GSK33 were detected with specific antibodies by West-
ern blotting (WB). Right panel, signals obtained for p-GSK3B and GSK3 by Western blotting were analyzed
densitometrically. The ratio of p-GSK3 to GSK33 was calculated (n = >5 independent experiments for
each experimental condition, mean =+ S.E.). C, left panel, HEK293 cells were treated with FSK or a combi-
nation of FSK and H89 as in B or with stearate-coupled GSKIPtide, which displaces GSK33 from GSKIP (20),
or the inactive control peptide GSKIPtide-L130P (100 um, 30 min). Cells were lysed and phosphorylated
GSK3p (p-GSK3B) and GAPDH (loading control) were detected by Western blotting. Right panel, signals
obtained for p-GSK3B and GAPDH by Western blotting were analyzed densitometrically. The ratio of
p-GSK3B to GAPDH was calculated (n = 7 independent experiments for each experimental condition,
mean = S.E.). B and G, significantly different from untreated control: #, p < 0.05; ##, p < 0.01; ###, p <
0.001. Significant differences between groups connected by lines: *, p < 0.05; **, p < 0.01). n.s., not
significant.

DISCUSSION

Here, we describe a bioinformatics and peptide array screen-
ing approach to identify new AKAPs. We defined a search pat-
tern for data base screening, which is based on an AKAP signa-
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ture motif combined with the range
of pI values calculated from the pep-
tide sequences of RIIBDs. The
search pattern (AVLISE)XX(AVLI-
F)(AVLI)XX(AVLI)(AVLIF)XX(A-
VLISE) assigns hydrophobic amino
acid residues to conserved positions
(with the exception of permitted
serine and glutamic acid in the N-
and C-terminally conserved posi-
tion) and allows, within the pI range
limitation, charged and polar amino
acid residues in the remaining posi-
tions between the hydrophobic res-
idues (X in the search pattern). The
search pattern reflects an am-
phipathic helix structure typical for
RIIBDs of AKAPs. Thus, a data base
search is likely to retrieve RII-bind-
ing peptides that possess a high
probability to form amphipathic
a-helices that dock into the DD
domain ina classical AKAP manner.
Our procedure identified 36 pep-
tides binding RII subunits in the
same way known AKAPs do. Nine of
the peptides were derived from
previously described AKAPs, the
RIIBDs of which are identical with
the ones identified in this work,
underlining the validity of our
approach. The hydrophobic faces of
such helices may also bind to hydro-
phobic regions on RII subunits out-
side the hydrophobic groove of the
DD domain. This may lead to the
identification of proteins binding to
regulatory subunits of PKA in a
noncanonical AKAP manner as was
recently observed for a4-integrins,
p90-ribosomal S6 kinase, and actin
(43— 46).

Our approach identified an RIIBD
in GSKIP. We show here that full-
length GSKIP functions as an AKAP
and binds RII subunits in a typical
AKAP manner, ie through an
amphipathic helix-forming RIIBD.
GSKIP binds RII subunits with
nanomolar affinities in Biacore
measurements (RIla with K, = 5
nM and RIIB with K, = 43 nm). It is
apparently an RII-specific AKAP
because binding of RI subunits was

not detectable in Biacore experiments (data not shown).

The structure of GSKIP had been previously determined by
NMR (Protein Data Bank code 1sgo). Projection of the identi-
fied RIIBD onto the Protein Data Bank structure and our own
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NMR measurements revealed that the RIIBD of GSKIP (amino
acid residues 28 —52) is located within an a-helix formed by
amino acid residues 33—48 that turns into a short B-strand
(amino acid residues 49 —54) (Fig. 3A, lower panel). The a-helix
displays an amphipathic character as the charged and polar
amino acid residues (Asp-32, Arg-34, Glu-36, Glu-38, and Asn-
42) are located on one side of the helix, and the hydrophobic
amino acid residues (Ala-37, Val-40, Val-41, Val-44, Leu-45,
and Val-48) are located on the opposite side. The latter, form-
ing the contact surface to the RII subunit dimer (Fig. 2B and Fig.
3A), are masked by the anti-parallel 3-sheet. Binding of GSKIP
to RII subunits is therefore likely to be associated with major
conformational changes of GSKIP. Our NMR experiments con-
firmed that the RIIBD interacts with the DD domain of Rll«
(Fig. 3A, upper panel). Furthermore, shifts were observed in the
B-sheet region and in residues of the C-terminal helix, which
are in close proximity to the al-helix. These shifts probably
represent altered intramolecular interactions due to DD
domain binding.

GSKIP contains the domain of unknown function 727
(DUF727), which was defined on the basis of sequence sim-
ilarities between GSKIP orthologues. DUF727 covers almost
the entire sequence of human GSKIP (amino acids 32-139)
and confers the ability to interact with both RII (amino acids
28-52) and GSK33 (amino acids 115-139). We have shown
that the AKAP function is conserved among vertebrates, but we
have not observed binding of human Rll« to peptide spots of
GSKIP invertebrate orthologues (Fig. 5A4), although our assay
detects invertebrate AKAPs, i.e. DAKAP550 (data not shown).
Whereas all 11 vertebrate DUF727 entries contain a putative
RIIBD, only 3 of the remaining 40 DUF727 proteins contain this
AKAP sequence (Q9XU41, Q628G9, and BOXA92). When we
performed RII overlays over peptide spots derived from
DUF727 proteins, Q9XU41 from Caenorhabditis elegans and
Q628G9 from Caenorhabditis briggsae peptides did not bind
human RIla. Both peptides contain a proline residue 5 amino
acids N-terminal of the AKAP pattern which most likely dis-
turbs the helical structure required for RII binding. A proline in
this position reduced RII binding of GSKIP (Fig. 2B) and of
AKAP188 (48).

Lancelets (also termed amphioxus or cephalochordata) are
the most basal chordate subphylum and are considered prede-
cessors of vertebrates (49). It is noteworthy that the DUF727
protein of the Florida lancelet (Branchiostoma floridae), which
has a higher sequence similarity to human GSKIP than lower
invertebrates, has only 5 of 6 conserved amino acids of the
RIIBD. The absence of a canonical RIIBD in the Florida lancelet
and in the invertebrate DUF727 proteins implies that only ver-
tebrate GSKIP orthologues are AKAPs. This reflects the
increased regulation and integration of signaling pathways in
vertebrates.

An interaction of GSKIP with GSK3 in an axin-like fashion
had been reported (20). To investigate whether this GSK3f3
binding ability is conserved in GSKIP orthologues, we per-
formed a sequence alignment of DUF727 proteins with human
axin-1 and -2. It revealed that the key residues of axin essential
for an interaction with GSK3 are conserved in 41 out of 51
DUF727 proteins (Fig. 5B). These amino acids are also con-
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served in the two fungi and the Branchiostoma DUF727 pro-
teins. Employing an overlay approach, we demonstrated that
the putative GSK3p interaction peptides interact with GSK3p3
in vitro (Fig. 5B). This result is in line with the GSKIP/GSK3/3
interaction previously observed for human and C. elegans pro-
teins (20, 41). GSK3 orthologues are known to play important
roles in members of the fungi kingdom (50). However, no axin
orthologues are known in fungi, implying that GSKIP is an an-
cestral and functionally highly conserved GSK3p interaction
protein. 9 of the 10 remaining DUF727 proteins without a puta-
tive GSK3B-binding motif are from species with two or more
DUF727 proteins (all of them invertebrates). In D. melano-
gaster, for instance, QOQVNV2 contains the putative GSK33-
binding motif, whereas Q9V8F3 does not. This implies that
several species have further DUF727 proteins with unknown
function in addition to those that can interact with GSK3.

GSK3p fulfills various functions as it is, for example, involved
in energy metabolism, neuronal cell development, and body
pattern formation (51). All of these processes are modulated by
PKA. Thus, it is conceivable that the interaction of GSKIP with
GSK3, which controls PKA phosphorylation of GSK38 (Fig.
6B), plays a role in elementary cellular processes in vertebrates.

The PKA- and GSK3B-binding sites are located in differ-
ent regions of GSKIP. Because most AKAPs are scaffolding
proteins binding several signaling proteins, we investigated
whether GSKIP can interact with PKA and GSK3p simulta-
neously. We identify here a ternary complex consisting of
GSKIP, Rlla subunits of PKA, and GSK3p (Fig. 6A4). Complex
formation was detected only if GSKIP was present (Fig. 6A).
The complex of full-length GSKIP and GSK33 bound RIl« sub-
units with a K, = 43 = 5 nm (Fig. 64).

It has been postulated that PKA-dependent phosphorylation
of GSK3p is mediated by binding of PKA to GSK3f via an
additional protein (13, 19, 53). Tanji et al. (18) showed a direct
interaction of AKAP220 with GSK3p and suggested that the
complex contains AKAP220, PKA, PP1, and GSK3p. In this
complex, PKA inhibits GSK3 by phosphorylation of Ser-9.
MAP2D also interacts with PKA and GSK3p (17). Flynn et al.
(17) postulated a complex consisting of MAP2D, PKA, PP2A,
and GSK3p in preovulatory granulosa cells that controls PKA
phosphorylation and thus inactivation of GSK38. GSKIP con-
trols PKA-dependent phosphorylation of GSK3p at Ser-9 and
thus GSK33 inactivation (Fig. 6B). It appears that GSKIP con-
trols the PKA-dependent phosphorylation of GSK3f by a dual
mechanism. 1) The binding of GSKIP itself (or of GSKIPtide) to
GSK3p leads to PKA-dependent phosphorylation of GSK33
(Fig. 6, B and C). Thus, it is likely that GSKIP (or GSKIPtide)
binding alters GSK3 conformation, causing increased PKA-
dependent phosphorylation. This has been shown for other
GSK3p inhibitors and interacting peptides (54). For example,
the peptide axin GID, which displaces axin from GSK3p, also
increases PKA-dependent phosphorylation of GSK3 (54). 2)
Forskolin stimulation only enhances GSK38 phosphorylation
in cells expressing full-length GSKIP but not in cells treated
with GSKIPtide, implying that the anchoring of PKA to GSKIP
contributes to PKA-dependent phosphorylation of GSK3p.
Surprisingly, the peptides Ht31 and AKAP188-L314E, which
globally uncouple PKA from AKAPs, did not affect GSKIP-me-
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diated GSK3B phosphorylation (data not shown). However,
global displacement of PKA from AKAPs leads to an increase of
PKA in the cytosol (55), which in turn might phosphorylate
GSKIP-bound GSK3p. This most likely explains that the pep-
tides apparently did not interfere with the forskolin-induced
phosphorylation of GSK3p. Experiments using these peptides
have also not been shown for the AKAP220- or MAP2D-PKA
complexes, which mediate PKA-dependent phosphorylation of
GSK3pB (17, 18).

We show here by Western blot analysis that GSKIP protein
levels are most abundant in brain and testis (Fig. 44). Also
MAP2 and AKAP220, the other AKAPs regulating GSK33, are
predominantly expressed in the brain and reproductive tissues.
Moreover, GSK3p protein levels are highest in the brain (56).
Although AKAP220 is localized peroxisomally and MAP2 is
bound to microtubules, GSKIP seems to be distributed
throughout the cytosol (Fig. 4D). Given the high GSK3p levels
in the brain, and the complex function and architecture of neu-
rons, it is conceivable that several AKAPs are required to inte-
grate PKA and GSK3p signaling in different brain regions
and/or cellular compartments.
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