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Compartmentalization of the type II cAMP-dependent
protein kinase is maintained by association of the regu-
latory subunit (RII) with A-Kinase Anchor Proteins
(AKAPs). In previous studies (Scott, J. D,, Stofko, R. E,,
McDonald, J. R., Comer, J. D., Vitalis, E. A, and Mangili
J. (1990) J. Biol. Chem. 265, 21561-21566) we have shown
that dimerization of RIla was required for interaction
with the cytoskeletal component microtubule-associ-
ated protein 2. In this report we show that the localiza-
tion and dimerization domains of Rlle are contained
within the first thirty residues of each RII protomer. RII
des-5 (an amino-terminal deletion mutant lacking resi-
dues 1-5) was unable to bind AKAPs but retained the
ability to dimerize. RIla I3A,I5A (a mutant where iso-
leucines 3 and 5 were replaced with alanine) was unable
to bind a variety of AKAPs. Mutation of both isoleucines
decreased AKAP binding without affecting dimeriza-
tion, cAMP binding, or the overall secondary structure
of the protein. Measurement of RIla I3A,I5A interaction
with the human thyroid AKAP, Ht 31, by two independ-
ent methods suggests that mutation of isoleucines 3 and
5 decreases affinity by at least 6-fold. Therefore, we pro-
pose that two isoleucine side chains on each RII pro-
tomer are principle sites of contact with the conserved
amphipathic helix binding domain on AKAPs.

The actions of many hormones proceed through common sig-
nal transduction pathways that generate the intracellular sec-
ond messenger cAMP (1). The predominant action of cAMP is to
activate a cAMP-dependent protein kinase (PKA)! by binding
to the regulatory subunit (R) dimer of the holoenzyme thereby
releasing the catalytic (C) subunit (2). Free C subunit potenti-
ates hormonal responses by phosphorylating substrate proteins
surrounding the site of kinase activation. Although the general
principles of the cAMP-signaling pathway are well understood
(reviewed in Refs. 3 and 4), it remains unclear how individual
hormones influence PKA to phosphorylate specific proteins.
One hypothesis that accounts for these observations is that
hormones selectively activate compartmentalized PKA pools
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leading to the preferential phosphorylation of the appropriate
substrates. For this to occur PKA must be maintained in spe-
cific cellular compartments where it is co-localized with target
substrates. Subcellular fractionation and immunolocalization
studies have demonstrated that PKA is attached to certain
subcellular structures (5-7), and it has been shown that the
type I1 regulatory subunit (RII) is localized through interaction
with specific A-kinase anchor proteins (AKAPs) (8-11).

Although there is little overall sequence homology among
AKAPs, a consensus RII-binding domain has been defined (12—
18). Each anchoring protein contains a region of approximately
20 residues responsible for RII binding that is likely to form an
amphipathic helix (15-20). Mutations which disrupt the sec-
ondary structure within the putative helices of the human thy-
roid anchoring proteins, Ht 31 and AKAP 79, destroy RII in-
teraction (15, 17). Furthermore, peptides spanning the helix
region of Ht 31 bind RIle or the type II holoenzyme with high
affinity (K, ~4 nM) and are potent inhibitors of PKA anchoring
(16). More recently, these “anchoring inhibitor peptides” have
been used as reagents to disrupt the localization of the type II
PKA in vivo (21).

The focus of this report is to define the determinants on RII
responsible for binding to the AKAP. Previous work using the
cytoskeletal component MAP 2 as a model has shown that the
first 50 residues of RIIB are required for AKAP binding (22),
whereas other studies have shown that dimerization is a pre-
requisite for anchoring (23). In this report we identify specific
amino acids within the first 5 residues in each Rlla protomer
that are essential for anchoring. Mutation of two isoleucine
residues, conserved in all RII isoforms, decreases AKAP bind-
ing without disrupting dimerization or the secondary structure
of Rlla.

EXPERIMENTAL PROCEDURES

Construction and Expression of Truncated RIla Proteins—Truncated
forms encoding the first 40, 35, and 30 residues of RIla were con-
structed by PCR using a Coy TempCycler and pET Rlla as a template.
Each PCR reaction used a common 5’ primer (100 pmol) encoding an
Ndel site surrounding the start codon (CCCCCATATGGGCCACATC-
CAGQG), whereas unique 3’ primers were synthesized to provide the ap-
propriate coding region of Rile and a stop codon. Unique 3’ primers
(100 pmol) encoding a BamHI site past the stop codon (CGCGCGGATC-
CTCACAGGCGTGTGAAG), (CGCGCGGATCCTACTCCACCGCGAAG)
and (CGCGCGGATCCTAGACGAGGTCGGGC) were used for 30 rounds
of PCR (0.5-min denaturation 95 °C, 1.5-min anneal 40 °C, 2-min ex-
tension 72 °C) using Taq polymerase. PCR products were digested with
Ndel and BamHI to excise 120-, 105-, and 90-base pair fragments en-
coding the first 40, 35, and 30 residues of Rlle, respectively. Ndel-
BamHI cut DNA fragments were inserted into the HisTag™ bacterial
expression vector pET16d (Novagen) and transfected into competent
Escherichia coli BL 21 (DE 3) cells for expression of the truncated
proteins. PCR products were sequenced to confirm the correct sequence.
Nucleotide sequencing was performed by the method of Sanger
et al. (24).
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One liter of LB broth containing 100 ng/ml of ampicillin was inocu-
lated with an overnight culture of E. coli transformed with a pET
RII1-30 HisTag. The cells were grown at 37 °C to an ODj;, . of 0.3 in
a shaking incubator. Maximal expression was induced by the addition of
1 mwm isopropyl-1-thio-B-p-galactopyranoside, and the cells were grown
for an additional 2.5 h to allow accumulation of the recombinant pro-
tein. The culture was centrifuged at 8,000 rpm for 8 min at 4 °C and
resuspended in a buffer of 20 mm Tris, pH 7.9, 5 mum imidazole, 500 mm
NaCl, 0.1 mm 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlorine
(AEBSF). HisTag proteins (10 histidines at the amino terminus of each
recombinant protein) were purified by affinity chromatography on a
nickel-charged His-bind™ metal chelation resin and were eluted by
washing with buffers containing 400 mm imidazole.

Construction of RII« Des-5 and RII«a Des-10—Deleted RII forms were
produced by replacing a 42-base pair Ncol-PstI segment at the 5’ end of
the coding region with pairs of oligonucleotide linkers to eliminate 5 or
10 amino acids from the amino terminus. In two separate reactions the
expression plasmid pET11d RII (5 pg) was digested with Pvul and Neol
to obtain a 4,700-base pair fragment, containing the majority of pET11d
(reaction 1) or PstI and Pvul to obtain a 2,400-base pair fragment, which
contained the RIla coding region downstream from the PstI site (reac-
tion 2). Plasmids were reconstructed by three-way ligation with equimo-
lar amounts of DNA inserts (reactions 1 and 2), and a 95-fold molar
excess of the appropriate oligonucleotide linkers. The oligonucleotide
linkers (ATGGGCCCGGGGCTCACGGAGCTCCTGCA) and (GGAG-
CTCCGTGAGCCCCGGGCC) were used to reconstruct RIla des-5 and
(CATGGAGCTCCTGCA) and (GGAGCTCC) to reconstruct RITa des-10.
A silent G to C mutation was introduced into the oligonucleotide pairs
to generate a Sacl site to facilitate identification of mutated plasmids.
The coding regions of RIla des-5 and RlIla des-10 were removed from
pET11d by digestion with Necol and EcoRI, inserted into pET9d, and
both plasmids were transfected into competent E. coli BL 21 (DE 3)
cells. The 5’ end of the coding region was sequenced to confirm the
appropriate changes.

Site-directed Mutagenesis—All mutants were created in the 5’ end of
the RIIa coding region by modification to the PCR method Scharf et al.
(25) using a COY TempCycler and pET Rlla as a template. Unique 5’
PCR primers (GATATACCATGGGCCACGCCGCGGCCCCGCCGGG-
GC) encompassing the Neol/start site and containing the appropriate
base mismatches to create mutations between residues 3-5 were an-
nealed to the murine RIIa cDNA. Each PCR reaction utilized a common
3’ primer (TCTCGGGGTATTGTA). Point mutations in Rlla sequence
were introduced at Ile® (ATC), GIn*(CAG) and Ile® (ATC). Thirty cycles
of PCR amplification (0.5-min denaturation at 95 °C, 1.5-min anneal at
40 °C, 2-min extension at 72 °C) were performed with 100 pmol of
primer and using Tag polymerase to create a 644-base pair fragment.
DNA fragments were digested with Ncol and Sall to excise 90-base pair
inserts encompassing the mutations and inserted into the bacterial
expression vector pET11d containing the remainder of the RIla coding
region and transfected into competent E. coli BL 21 (DE 3) cells. The
coding region was sequenced to confirm the mutation and sequence.

All mutant and deleted RIla forms were expressed in E. coli and
purified as described (23) with the following minor modifications.
DNase I treatment of the bacterial cell lysates was omitted, and the
proteinase inhibitor AEBSF (ICN Biomedicals) was included in the
protein storage buffer at a final concentration of 0.1 mm. Concentration
of purified proteins was achieved by ultrafiltration through 10,000
NMWL regenerated cellulose (Amicon).

RII Overlay—The RII overlay binding assay was performed accord-
ing to the method of Lohmann et al. (26) with modifications to the
method of Bregman et al. (12). Recombinant RIla was phosphorylated
using recombinant catalytic subunit as described (27). All overlays were
performed in solutions containing 250,000 cpm of radiolabeled RIla or
mutants. As additional controls, overlays were performed in the pres-
ence of 0.3 pm anchoring inhibitor peptide (DLIEEAAVSRIVDAVIEQV-
KAAGAY) which competes for RI/AKAP interaction or a control peptide
(DLIEEAAVSRPVDAVIEQVKAAGAY) which is unable to block bind-
ing. Detection of truncated RII forms was by modified Western blots
performed by the method of Towbin et al. (28). Quantitative overlays
were performed by essentially the same methods except Ht 31 (at con-
centrations ranging from 0.2-100 ng) was absorbed onto nitrocellulose
using a Hybri-slot Manifold (Life Technologies, Inc.). Binding was de-
tected by autoradiography and was measured by densitometry after
scanning into a computer and analyzed by the National Institutes of
Health image 1.55 program.

Band Shift Analysis—The ability of RII mutants to dimerize or form
complexes with AKAPs was assessed by nondenaturing gel electro-
phoresis using the previously described technique (16). The RII dimer
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Fic. 1. The amino-terminal region of RIla bind AKAPs. A, the
amino acid sequences of murine RIla and RIIB are shown. The boxed
regions indicate sequence identity between both RII isoforms. B, the
AKAP binding properties of truncated RII forms was assessed by the
solid-phase overlay assay. A representative example of four experiments
is presented. Purified Ht 31 (5 png) was separated by gel electrophoresis
on a 10% SDS-polyacrylamide gel. After electrophoresis, the protein
was electrophoretically transferred to Immobilon for analysis by over-
lay binding assay using truncated RIla proteins (20 ng) as probes: lanes
1 and 2, RIla A1-40; lanes 3 and 4, RIla A1-35; lanes 5 and 6, Rlla
A1-30. Molecular mass markers were phosphorylase b (97 kDa), bovine
serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31
kDa), soybean trypsin inhibitor (21 kDa), and lysozyme (14 kDa). Im-
mobilized RIla forms were detected immunochemically with polyclonal
anti RII antisera (28). Filters in lanes 2, 4, and 6 were incubated in the
presence of the AKAP inhibitor peptide.

or the RII'AKAP complex migrates slower than the monomeric RII and
could be easily distinguished

Circular Dichroism Analysis—Circular Dichroism spectra were re-
corded using a Jasco 500A spectropolarimeter. Solutions of RIIa and
RIla mutant proteins (5-32 pm) were dialyzed into 50 mm potassium
phosphate buffer, pH 7.0. Measurements were performed at 25 °C with
identical data acquisition parameters, and spectra were normalized at
192 nm.

Equilibrium Dialysis—Binding of RIla and mutant proteins (20 nm)
to the anchoring inhibitor peptide, Ht 31 493-515, was measured by
equilibrium dialysis using our previously described method (16). All
experiments were performed with a final concentration of *I-labeled
peptide at 14 nm of specific activity of 5 x 10° cpm/nmol.

RESULTS

Localization Domain Is Contained within the First 30 Resi-
dues of RIIa—In previous studies the MAP 2 binding region
was shown to require sites within the first 79 amino acids of
RIl«x (23) and the first 50 residues of RIIB (22). Comparison of
the murine RIla and RIIB sequences revealed a high degree of
homology (65% identity) in the first 40 residues (Fig. 1A4),
whereas both sequences diverge from residues 40 to 75 (29).
Based upon the assumption that conserved structure often re-
flects conserved function, we concluded that the AKAP-binding
region must be located between residues 1-40. To test this
hypothesis a family of truncated RIIa forms were expressed in
E. coli using the bacterial expression vector pET16d and the
HisTag™ purification system. Truncated RII forms containing
residues 1-40, 1-35, and 1-30 of murine RIIa bound the AKAP
Ht 31, as assessed by the RII overlay procedure (Fig. 1B).
Detection of RII was achieved with polyclonal antiserum raised
to recombinant Rlla, and binding was blocked in the presence
of 0.3 nm AKAP inhibitor peptide (16) Ht 31 493-515 (Fig. 1B).
These results indicate that the AKAP-binding site is located
within the first 30 residues of Rlla.
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Fic. 2. Removal of residues 1-5 abolished RIVAKAP interac-
tion. A, RIla and deletion mutants lacking the first 5 and 10 residues
of each RII protomer were analyzed for AKAP interaction. B, purified Ht
31 (5 pg) was separated by gel electrophoresis on a 10% SDS-polyac-
rylamide gel. After electrophoresis, the protein was electrophoretically
transferred to Immobilon for analysis by solid-phase overlay binding
assay (26) using radiolabeled RIl« (lanes 1 and 2), RIla des-5 (lanes 3
and 4), or RIla des-10 (lanes 5 and 6) as probes. The specific activity of
the probes were: Rlla, 3.2 x 10° cpm/nmol; Rlla des-5, 2.9 x 10° cpm/
nmol, and RIl«a des-10, 3.4 x 10° cpm/nmol. Molecular mass markers
were phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbu-
min (45 kDa), carbonic anhydrase, (31 kDa), and soybean trypsin in-
hibitor (21 kDa). Filters in lanes 2, 4, and 6 were incubated in the
presence of Ht 31 493-515 peptide which is a potent competitive inhib-
itor of RIVAKAP interaction (16). C, AKAP binding in solution was
analyzed by the band shift analysis using **P-radiolabeled AKAP 95 as
a probe. RIIa and deletion mutants (1 pm) were incubated with AKAP 95
(1 M), of specific activity 4.5 cpm/nmol, under the conditions described
in Ref. 15, and separated on a 6% polyacrylamide gel: lane I, RIlq; lane
2, Rlla des-5; lane 3, RIla des-10; lane 4, RIla + control AKAP inhibitor
peptide, and lane 5, RIla + AKAP inhibitor peptide. Detection was by
autoradiography.

Deletion of the Amino-terminal Residues 1-10—We have
shown previously that deletion of the first 30 residues of RIl«
prevents dimerization (23). On the basis of this observation and
the results described above, we postulated that the dimeriza-
tion contact sites and the AKAP-binding sites could reside be-
tween residues 1 and 30 of each RII protomer. To test this
hypothesis, deletion mutants lacking the first 5 or 10 amino
acids of RIIa were constructed (Fig. 2A4), and the recombinant
proteins were expressed in E. coli and purified by affinity chro-
matography on cAMP-Sepharose. Both deleted RII forms failed
to bind immobilized Ht 31 as assessed by the overlay procedure
(Fig. 2B) and were unable to complex in solution with a nuclear
matrix-associated anchoring protein, called AKAP 95, as as-
sessed by the band shift analysis technique (Fig. 2C). In con-
trast, full-length RIla bound either Ht 31 or AKAP 95 when
used as a control in these experiments (Fig. 2, B and C), and as
expected, binding was blocked in the presence of the 0.3 um
AKAP inhibitor peptide (Fig. 2, B and C).

Since neither RIla des-5 nor Rlla des-10 bound AKAPs, it
was imperative to establish whether the deleted RIIa forms
could dimerize. RIIa des-5 was a dimeric protein as assessed by
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Fic. 3. Deletion of residues 1-5 does not prevent RII dimeriza-
tion. RIla and deletion mutants lacking the first 5 and 10 residues of
each RII protomer were analyzed for the ability to dimerize. A, purified
proteins (2 pg) were separated by electrophoresis under nondenaturing
conditions on a 6% polyacrylamide gel: lane 1, RIle; lane 2, RIla des-10;
and lane 3, RIla des-5. Detection of proteins was by staining with Fast
stain™ (Zion Research). B, solid-phase dimer formation was assessed
by the overlay assay (26). Full-length proteins Rlla (lane 1), Rlla
des-10 (lane 2), and Rlla des-5 (lane 3) (1 ng) were separated by gel
electrophoresis on a 10% SDS-polyacrylamide gel. After electrophoresis,
the proteins were electrophoretically transferred to Immobilon for anal-
ysis by overlay assay using radiolabeled RIlw (of specific activity 3.2 x
10° cpm/nmol) as a probe. Detection was by autoradiography. Molecular
mass markers were phosphorylase b (97 kDa), bovine serum albumin
(66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), soybean
trypsin inhibitor (21 kDa), and lysozyme (14 kDa).

several criteria: the protein migrated with an apparent mobil-
ity similar to wild type RIIa when separated by nondenaturing
gel electrophoresis (Fig. 3A, lane 3); the immobilized protein
bound radiolabeled RIla as assessed by a modified overlay
assay (Fig. 3B, lane 3); and the protein eluted with an apparent
mobility as full-length RII«x on a Sep-Pak 300 HPLC gel-filtra-
tion column (data not shown). In contrast, RIIa des-10 was
monomeric: the purified protein migrating with a distinct mo-
bility when separated by nondenaturing gel electrophoresis
(Fig. 3A, lane 2); the immobilized protein was unable to bind
radiolabeled RIlwa in the modified overlay assay (Fig. 3B, lane
2); and the protein eluted with a molecular weight consistent
with a 45-kDa monomer on Sep-Pak 300 HPLC gel-filtration
column. Full-length RIla was used as a control for these ex-
periments and was dimeric under both experimental conditions
(Fig. 3A, lane 1, and B, lane 1). Collectively, these findings
suggest that Rlla des-5 is dimeric, whereas Rlla des-10 is
monomeric, which indicates that determinants for AKAP bind-
ing are located within the first 5 residues of each RII protomer.

Disruption of AKAP Interaction by Mutagenesis of Residues
3-5 of RII a—On the basis of the experiments described above,
residues 1-5 of RIla (Ser-His-Ile-Gln-Ile-) were identified as
potential sites for interaction with AKAPs. By process of elimi-
nation, only residues 3—-5 were considered as likely determi-
nants for AKAP binding. Recombinant RIla retains wild-type
AKAP binding activity, although it contains a glycine at posi-
tion 1 instead of serine. Histidine 2 was considered to be an
unlikely determinant for AKAP binding also, as it is not present
in RIIB (Fig. 14). Therefore, each side chain between residues
3 and 5 was systematically substituted for alanine (Fig. 4A),
and the AKAP binding properties of the mutant proteins were
compared with full-length RIIa. Each Rlla protein was used in
overlay assays at approximately the same specific activity (7.2
to 6.1 x 10° cpm/nmol). Single site mutants of either the iso-
leucine 3 or the isoleucine 5 (RIIa I3A and RIla I5A) exhibited
diminished binding to a variety of AKAPs by the overlay assay
(Fig. 4B, lanes 2 and 4) when compared with full-length RIl«a
(Fig. 4B, lane 1). More pronounced effects were observed in
RIla mutants lacking both isoleucine side chains. The double
mutant RIla I3A,I5A (Fig. 4B, lane 5) and the triple mutant
RIla 3-5 AAA (Fig. 4B, lane 6) were unable to bind AKAPs
assessed by the overlay assay. In contrast, mutation of gluta-
mate 4 had no apparent effect on solid-phase AKAP binding
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of RIIa mutants was assessed by the sol-
id-phase overlay assay. Total cell proteins
from a mouse insulin secreting B-pancre-
atic cell line (50 ng) were separated by gel B Rllo RIo RIlo Rllo Rlla Rla

electrophoresis on a 5-20% gradient SDS-
polyacrylamide gel. After electrophoresis,
the proteins were electrophoretically
transferred to Immobilon for analysis by
overlay binding assay using phosphoryl-
ated RIIa mutants as probes: lane 1, RIlq;
lane 2, Rlla 13A; lane 3, Rlla Q4A; lane 4,
RIla I5A; lane 5, Rlla I3A,I5A; lane 6,
RIla 3-5 AAA. Each overlay was per-
formed with a probe of approximately the
same specific activity (7.2 to 6.1 x 10°
cpm/nmol). Detection was by autoradiog-
raphy. Molecular mass markers were
phosphorylase b (97 kDa), bovine serum
albumin (66 kDa), ovalbumin, (45 kDa),
carbonic anhydrase (31 kDa), soybean
trypsin inhibitor (21 kDa), and lysozyme
(14 kDa). C, AKAP binding in solution C
was analyzed by the band shift analysis
using Ht 31 as a probe. Selected RIIa mu-
tants (1 nm) were incubated with aliquots
of Ht 31 over a range of concentrations
(0.33, 0.66, and 1 pm) under the conditions
described in Ref. 16. The free and com-
plexed proteins were separated on a 6%
polyacrylamide gel: left panel, Rlla;
middle panel, RIla Q4A; and right panel,
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(Fig. 4B, lane 3), suggesting that isoleucines 3 and 5 are an-
choring determinants. A similar pattern was obtained when
AKAP binding in solution was assessed by band shift analysis
(Fig. 4C); RIla Q4A essentially retained wild-type binding
properties when compared with full-length RIle, whereas the
double mutant RIIa I3A,I5A was unable to complex with Ht 31
over the same range of concentrations (Fig. 4C). Likewise, no
binding to Ht 31 was obtained with the triple mutant RII« 3-5
AAA (data not shown).

Because mutation of isoleucines 3 and 5 diminished AKAP
binding, it was important to establish that these changes did
not disrupt the overall conformation of the R subunits or pre-
vent dimerization. The structural integrity of each mutant RII
protein was confirmed by several criteria. The secondary
structure of each point mutant was assessed by circular di-
chroism and compared to recombinant RlIle (Fig. 5A). CD
spectra for each mutant were similar to those obtained for
wild type protein, suggesting that mutation of residues 3-5
minimally perturbs the conformation of the RIla subunits.
Furthermore, each purified mutant protein (Fig. 5B) retains
the ability to dimerize with RII when immobilized on nitrocel-
lulose as assessed by the overlay assay (Fig. 5C) and dimer-
izes on the basis of migration on nondenaturing gels (Fig. 5D).
Moreover, each protein binds cAMP and was purified by affin-
ity chromatography on cAMP-Sepharose and is eluted as
dimers with an apparent molecular mass of 110,00 kDa on a
Sep-Pak 300 HPLC gel-filtration column and autophosphory-
lates with similar kinetics as wild type RIla (data not shown).
Combined, these data strongly suggest that mutation of iso-
leucines 3 or 5 in RIla decreases the AKAP binding without
altering the overall conformation of the protein or affecting
other RII functions.

Quantitation of AKAP Binding to Rlla and Mutants—
Overlay and band shift analysis techniques suggested that mu-
tation of isoleucines 3 and 5 decreased the affinity for AKAPs.
Therefore, binding of the various RIIa mutants to Ht 31 protein
and the anchoring inhibitor peptide, Ht 31 493-515, was meas-
ured in order to determine changes in AKAP binding affinity.
Quantitative overlays were performed using each RIl« protein
at approximately the same specific activity (2.16 to 1.5 x 10°
cpm/nmol), and binding to Ht 31 was measured by densitom-
etry over a range of concentrations (3-1,000 ng). Single site
mutation of either isoleucine 3 or 5 decreased binding to Ht 31
(Fig. 6A) and binding of the double and triple mutants was
markedly decreased (Fig. 6A). In contrast, mutation of gluta-
mine 4 to alanine had a modest effect (Fig. 6A). Fig. 6B com-
pares the binding properties of RIla and mutants at a single
concentration of Ht 31 (250 ng). Mutation of either isoleucine 3
or 5 decreased binding by 39 and 60%, respectively, whereas
mutation of glutamine 4 had no effect (Fig. 6B). Binding of the
double and triple mutants were decreased by 81 and 83%, re-
spectively (Fig. 6A).

In order to measure AKAP interaction by an alternative
method, binding of each RIIa« mutant to the Ht 31 493-515
peptides was determined by equilibrium dialysis. All studies
were performed with 20 nM protein, a concentration where wild
type RIla binds 66% of the peptide (Table I). Equilibrium dial-
ysis measurements confirmed the results obtained by the quan-
titative overlay technique: binding of single site mutants at
either isoleucine 3 or 5 was decreased 39.2% = 8.3 (n = 6) and
38.8% + 8 (n = 6), respectively (Table I); and binding of the
double and triple mutants were decreased 84.2% =+ 4.7 (n = 6)
and 79.1% = 6.8 (n = 6), respectively. Binding of the RIla Q4A
was essentially the same as wild type (92% =+ 8.4, n = 6). Col-
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Fic. 5. Characterization of RIla« mutants. A, each RIla mutant
was purified by affinity chromatography on cAMP-Sepharose as de-
scribed under “Experimental Procedures.” A, circular dichroism spectra
were measured as described under “Experimental Procedures.” Spectra
for individual mutants are indicated. B, the purity of each RII mutant
was assessed by electrophoresis on a 10% SDS-polyacrylamide gel: lane
1, RIle; lane 2, R1la I13A; lane 3, RIla Q4A; lane 4, RI1a 15A; lane 5, RI1a
I3A,I5A; lane 6, RIIa 3-5 AAA. Detection was by protein staining with
Fast stain™. Molecular mass markers were phosphorylase b (97 kDa),
bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhy-
drase (31 kDa), soybean trypsin inhibitor (21 kDa), and lysozyme (14
kDa). C, solid-phase dimer formation was assessed by the overlay assay.
Full-length RIla and mutants (1 pg) were separated by gel electro-
phoresis on a 10% SDS-polyacrylamide gel. After electrophoresis, the
proteins were electrophoretically transferred to Immobilon for analysis
by overlay binding assay using radiolabeled RIla as a probe (specific
activity: 5.8 x 10° cpm/nmol). Detection was by autoradiography. D,
dimerization of RIle mutants (4 png) was assessed by electrophoresis
under nondenaturing conditions on a 6% polyacrylamide gel. Detection
of proteins was by staining with Fast stain™ (Zion Research).

lectively, these results suggest that mutation of either isoleu-
cine decreases AKAP binding by a factor of 2-3-fold, but mu-
tation of both residues decreases binding by a factor of up to
6-fold (at this concentration of RII).

24249

DISCUSSION

A growing body of evidence suggests that R of the cAMP-
dependent protein kinase are composed of functionally distinct
domains (30, 31). Limited proteolysis, chemical modification,
and recombinant DNA techniques have been used to identify
individual domains in both RI and RII responsible for ho-
modimer formation, inhibition of the C subunit, and cAMP
binding (32-35). Although both R subunit types contain do-
mains that participate in each of these functions, an additional
property of RII is that it can be localized to particular subcel-
lular compartments through association with AKAPs. In this
report we show that the localization domain is contained within
the first 30 residues of each RII protomer. We have proposed
previously that this region forms the dimerization domain and
is required to orient the side chains in each RII protomer that
form the AKAP-binding site (23). We can now extend this ob-
servation to conclude that AKAP binding and dimer formation
are mediated through distinct side chains. This was shown by
deletion of RIla residues 1-5 which abolished interaction with
anchoring proteins without any apparent effect upon dimeriza-
tion. This result indicates that determinants for localization
reside in the extreme amino terminus of each RII protomer and
that side chains which participate in dimer contact are located
further downstream. Despite the apparent segregation of local-
ization and dimerization determinants, it is clear that other
factors contribute to high affinity interaction with AKAPs. Luo
et al. (22) have shown residues 1-25 of RIIB are unable to bind
AKAP 75 or MAP 2 when fused at the carboxyl terminus of a
43-kDa Trp E gene product. Furthermore, our own work has
shown that fusion of residues 1-30 of Rlla to endonexin per-
mits dimerization but prevents anchoring (23). Presumably,
fusion to a carrier protein either disrupts the orientation of the
AKAP-binding site or prevents dimerization. Recent evidence
suggests that phosphorylation of RIIB may also affect its ability
to bind AKAPs and hence its subcellular localization. Keryer et
al. (35) have shown that in vitro phosphorylation of RIIB at
threonine 69 by the cell cycle regulator kinase p34°> decreases
affinity for MAP 2. Although phosphorylation of the RIIB is an
elegant means of regulating its subcellular location, it may not
be a generalized mechanism, as the threonine 69 site is not
present in any of the RIla isoforms.

Our site-directed mutagenesis studies suggest that isoleu-
cines at positions 3 and 5 in each RII protomer are positive
determinants for AKAP binding, whereas the intervening res-
idue, glutamine 4, is neutral. As can be seen in Fig. 14, the
amino-terminal regions of both RII isoforms are highly con-
served with both isoleucines invariant in all species with the
exception of the yeast RII homolog, bey 1 (36), which is unable
to bind AKAPs.? In contrast, glutamine 4 is not completely
conserved and glutamate occupies this position in RIIB. The
presence of a negatively charged side chain in RIIS could per-
mit the formation of additional interactions with the anchoring
protein and may account for some of the reported differences in
the affinity of RIIB for selected AKAPs (9 37).

Mutational analysis shows that replacement of either isoleu-
cine 3 or isoleucine 5 had less of an effect on AKAP binding than
substitution of both side chains. In keeping with our hypothesis
that dimerization is an absolute requirement for AKAP inter-
action, single-site mutations correspond to a net loss of two
isoleucine side chains from the RII dimer, whereas four hydro-
phobic side chains are missing in the double mutant. These
findings suggest that branched chain aliphatic side chains in-
teract with the anchoring protein. In complimentary studies we
have shown that amphipathic helices form the RII-binding

2V. M. Coghlan and J. D. Scott, unpublished observation.
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Fic. 6. Quantitation of AKAP binding to RIla mutants. The binding of RIla and mutants to a recombinant fragment of the human thyroid
anchoring protein Ht 31 was measured by a quantitative overlay procedure. Aliquots of purified Ht 31 protein, ranging from 0.2 to 100 ng, were
immobilized onto nitrocellulose filters. Individual filters were probed with excess RIla or mutants as probes (specific activities ranging from 2.1
% 10° cpm/nmol to 1.5 x 10° cpm/nmol). Detection of binding was by autoradiography. A, quantitation of binding over a range of Ht 31 concentrations
was measured by densitometry of the autoradiographs. Signals were normalized for the specific activities of each probe. Binding curves for
individual protein probes from three experiments are: O, Rlla; ¢, Rlla I3A; ®, RIla Q4A; ¢, Rlla I5A; O, RIla I3A,I5A; and B, RIla IQLLAAA.
B, the degree of Ht 31 binding obtained at a single concentration of protein (25 ng) is presented as a percent binding compared with wild-type Rlla.

The data are collected from three separate experiments.

TapLE 1
Equilibrium dialysis of Rllc proteins

Binding of each RIla mutant to the Ht 31 493-515 (14 nm) was
measured by equilibrium dialysis. All studies were performed with 20
nM of protein, a concentration where RIla binds 66% of the Ht 31
peptide. The binding properties of each RIla mutant are presented as
the ratio of bound peptide to total peptide (column 1) and as the percent
of binding compared with that for wild type Rlla (column 2). The num-
ber of times each experiment was performed is indicated.

Protein (20 nmM) Bound/total Binding
%
Rlla(n=17) 65.9+3.0 100+ 4.6
Rllx I3A (n = 6) 40.1+55 60.8 £ 8.3
Rlla Q4A (n = 6) 60.8 +5.5 923 +84
Rlla I5A (n = 6) 40.3 +5.3 61.2 +8.0
Rlla I3A,I5A (n = 6) 104 3.1 15.8 +4.7
Rlla IQI,AAA (n = 6) 13.8+4.5 209 +6.8

sites in several AKAPs (15-18). Thus, isoleucines 3 and 5 on
each RII protomer may interact with the hydrophobic face of
the amphipathic helix binding region of AKAPs. This hypoth-
esis is consistent with our findings that agents which disrupt
hydrophobic interactions such as low concentrations of aceto-
nitrile abolish RII/AKAP interaction® and is supported by pre-
vious findings (38) that demonstrate that substitution of hy-
drophobic residues in the amphipathic helix region of AKAP 75
decreases affinity for RIIB.

A schematic diagram showing possible topologies for RII/
AKAP interaction is presented in Fig. 7. A parallel orientation
would cluster the essential isoleucine residues and form a hy-
drophobic face on RII that could form hydrophobic contacts
with a corresponding region provided by the amphipathic helix
of the AKAP (Fig. 7TA). Alternatively, an antiparallel orientation
would place a pair of isoleucine residues at either end of the
dimerization surface, implying that additional points of contact
reside between residues 5 and 30 of each RII protomer (Fig.
7B). Equilibrium dialysis data suggest that mutation of iso-
leucines 3 and 5 cause at least a 6-fold decrease in binding. This
implies that either substitution of alanine still permits hydro-
phobic interaction with the AKAP or, alternatively, additional

3D. W. Carr and J. D. Scott, unpublished observation.

AKAP

-

3 5 3 30
A: Parallel RIl dimer B: Antiparallel RII Dimer

Fic. 7. Models for RIFAKAP interaction. A schematic diagram
depicting possible topologies of RI/AKAP interaction. Two possible
alignments are presented: a parallel orientation (A) or antiparallel
orientation (B). Shaded area represents potential sites for hydrophobic
interactions between RII and the amphipathic helix on the AKAP.

sites of contact reside within the RII dimer. Residues 11-25 on
each RII protomer have a high probability for formation of
B-sheet, which could comprise the dimerization surface. Struc-
tural studies with a biotinylated RII 1-30 peptide were unsuc-
cessful as the peptide was insoluble in all of the aqueous buffers
required for binding studies. Therefore, we cannot definitively
distinguish between either dimerization model until the three-
dimensional structure of RII has been solved. On the other
hand, in vitro -linking studies have indicated that the RI dimer
adopts anti parallel orientation through the formation of inter-
chain disulfide bonds between Cys'® and Cys® on each pro-
tomer (39, 40). Although it seems logical to propose that both
types of R subunit dimer would have similar topologies, there is
no sequence similarity between the dimerization domains of RI
and RII (30, 31).

In conclusion, we propose that branched chain hydrophobic
amino acids at positions 3 and 5 on RII maintain interaction
with an amphipathic helix on the AKAP. Quantitative analysis
suggests that the binding affinity of Rlla is decreased by up to
10-fold when both isoleucines are replaced with neutral amino
acids. Although it is clear that dimerization is required for
RIIVAKAP interaction, distinct side chains participate in both
functions. An additional determinant may be proline 6, which is
conserved in all RII forms and may function to orient isoleu-
cines 3 and 5 as the rigid properties of imino linkage, could
perturb the RII peptide backbone (Fig. 7). Mutagenesis studies
have provided Rll« proteins which have diminished ability to
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bind a variety AKAPs in vitro. Future studies are planned to
establish whether introduction of RIla I3AI5A or Rlla des-5
into cells can increase the soluble pool of type II PKA and alter
certain cellular responses to cAMP.
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