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Postsynaptic densities (PSD) are a  network of pro- 
teins located on the  internal  surface of excitatory  syn- 
apses  just inside the postsynaptic membrane. Enzymes 
associated with  the  PSD are optimally positioned to 
respond to  signals  transduced  across  the postsynaptic 
membrane resulting from excitatory  synaptic trans- 
mission or  neurotransmitter release. We present evi- 
dence suggesting that type I1 CAMP-dependent protein 
kinase (PKA) is anchored to  the PSD through  interac- 
tion of its regulatory  subunit  (RII)  with an &Kinase 

anchoring  protein, AKAP 79, was isolated by screen- 
ing  an expression library with radiolabeled RII. This 
cDNA (262 1 base pairs) encodes a protein of 427 amino 
acids with 76%  identity to bovine brain AKAP 75 and 
93% identity  to  a  carboxyl-terminal  RII-binding frag- 
ment of murine brain AKAP 150. A bacterially  ex- 
pressed 92-amino acid fragment, AKAP 79 (335-427) 
was able  to bind RIIa. Disruption of secondary struc- 
ture by site-directed mutagenesis at selected residues 
within  a  putative acidic amphipathic helix located be- 
tween residues 392  and  408  prevented  RII binding. 
Immunological studies  demonstrate that AKAP 79 is 
predominantly expressed in  the  cerebral  cortex  and is 
a component of fractions  enriched  for postsynaptic 
densities. AKAP antisera  strongly  cross-react  with a 
160-kDa protein in murine PSD believed to be AKAP 
150. Co-localization of the  type I1 PKA in purified 
PSD  fractions  was confirmed immunologically by de- 
tection of RII  and enzymologically by  measuring 
CAMP-stimulated phosphorylation of the  heptapeptide 
substrate Kemptide. Approximately 30% of the PSD 
kinase  activity was specifically inhibited by PKI 5-24 
peptide, a highly specific inhibitor of PKA. We propose 
that AKAP 79 and AKAP 150 function to  anchor  the 
type I1 PKA to  the PSD, presumably for a role in the 
regulation of postsynaptic events. 

- Anchor Protein (AKAPs). A cDNA for  the human RII- 
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In recent years it has become apparent  that a significant 
proportion of the type I1 CAMP-dependent protein kinase 
(PKA)’ is compartmentalized in specific sites  in  the cell.  Co- 
localization of PKA with its  substrates is a  potential mecha- 
nism to explain how a multifunctional kinase with a broad 
substrate specificity, such as PKA, can mediate the precise 
biochemical events associated with its activation by individual 
hormones (1). Upon activation by CAMP, the catalytic (C) 
subunit is released from the regulatory subunit (R) dimer (2, 
3), and preferentially phosphorylates substrates within that 
vicinity. To maintain the type I1 PKA in specific cellular 
compartments, the R  subunit  (RII)  interacts with specific 
RII-anchoring  proteins (4, 5). 

Several RII-anchoring  proteins have been identified and 
characterized. Cytoskeletal attachment of type I1 PKA occurs 
through  interactions between RII and microtubule-associated 
protein 2 (MAP 2) (6). The site on MAP 2 that contacts  RII 
has been identified as  a 31-residue domain in the amino- 
terminal region of the molecule (7,8). RII also associates with 
a bovine brain calmodulin-binding protein designated P-75 
(4, 9). Several P-75 analogs, ranging in size  from M, 60,000 
to 150,000 have been reported in different species and may 
represent members of a family of structurally related RII- 
anchoring proteins  (10).  Partial cDNA clones encoding the 
RII-binding domains for two members of this family, P-150 
and P-75, have been isolated from  bovine and murine brain 
libraries, respectively (10, 11). A 96-amino acid fragment of a 
human RII-binding protein that migrates at 79 kDa has 
recently been published (12). This fragment is 92% identical 
with the corresponding regions of P-75  and P-150. Rubin and 
colleagues (12) have renamed this family of RII-binding  pro- 
teins  as A-Kinase Anchor Proteins (AKAP 75, AKAP 79, and 
AKAP 150). Deletion mutants lacking the last 26 residues of 
AKAP 75 or the last 15 residues of AKAP  150  do not bind 
RII, suggesting that sequences at  the extreme carboxyl ter- 
minus of each molecule are required for anchoring (10, 11). 
However, comparison of these sequences with the RII-binding 
region of MAP 2 reveals no striking homology, suggesting 
that each protein may contain  a conserved secondary struc- 
ture responsible for binding. This hypothesis is strengthened 
by the identification of a 14-residue sequence in  a  fourth  RII- 
anchoring protein, called Ht 31,  which  was similar to se- 
quences in  the RII-binding domains of MAP 2, AKAP 75, 
and AKAP 150 (13). Computer-generated predication of sec- 
ondary structure performed on all four proteins identified 
potential  amphipathic helices in each molecule. TWO lines of 

The abbreviations used are: PKA, CAMP-dependent protein ki- 
nase; MAP 2, microtubule-associated protein 2; AKAP, A-kinase 
anchor protein; IPTG, isopropyl-l-thio-0-D-galactopyranoside; TBS, 
Tris-buffered saline; PCR, polymerase chain reaction; PSD, postsyn- 
aptic density; SDS, sodium dodecyl sulfate. 
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evidence suggest that  an acidic amphipathic helix forms the 
RII-binding in Ht 31. Site-directed mutagenesis designed to 
disrupt secondary structure within the putative binding helix 
destroys RII  interaction (13), and  a %-residue peptide span- 
ning the amphipathic helix region binds RIIa or the type I1 
PKA holoenzyme with nanomolar affinity (14). 

In  this report we describe the cloning and  characterization 
of a full-length cDNA for AKAP 79, a  human RII-anchoring 
protein that belongs to  the AKAP 75/150 family of anchoring 
proteins. Immunological studies with AKAP 79 antisera dem- 
onstrate  that all  three family members are predominantly 
expressed in the cerebral cortex and specifically localized to 
the postsynaptic densities of the forebrain. Functional  anal- 
yses of the recombinant protein expressed in Escherichia coli 
have demonstrated that AKAP 79 is a  substrate for PKA and 
a calmodulin-binding protein.  Furthermore, the RII-binding 
domain of AKAP 79 includes a  putative  amphipathic helix 
region whose conformation must be unaltered for binding. 

EXPERIMENTAL  PROCEDURES 

Cloning and Sequencing of AKAP 79-A human  thyroid  cDNA 
library  in X gt 11 was  screened with radiolabeled RII  to  detect  plaques 
expressing  RII-binding  proteins.  Filters were soaked in 1 mM isopro- 
pyl-1-thio-P-D-galactopyranoside (IPTG)  and placed on  bacterial 
lawns for  4  h at 37 "C to  induce  expression of the &galactosidase 
fusion  proteins.  Duplicate  filters were prepared by the  same  proce- 
dure. All filters were blocked  by incubation  in  50 mM Tris, pH 7.5, 
150 mM NaCl (TBS),  and 1% powdered  milk solution for  4  h at 4 "C. 
Filters were probed with  [32P]RII  overnight  in  TBS, 1% powdered 
milk  solution a t  room temperature. To avoid  nonspecific  binding,  a 
10-fold  molar excess of RII (A1-23), a mutant  that  does  not  bind 
anchoring  proteins, was included in  the probe solutions.  Filters were 
washed  three  times  in  TBS, 1% Tween 20, and positive  colonies were 
visualized by autoradiography.  DNA from  positive  colonies  was pu- 
rified cDNA inserts were cut  out of X phage by digestion with EcoRI 
and subcloned into  Bluescript KS  (Stratagene) vectors  for sequenc- 
ing. Nucleotide sequencing was performed  on  one clone, designated 
Ht 21,  by the  Sanger dideoxynucleotide method  (15)  using a strategy 
that required the  synthesis of unique oligonucleotide primers. 

Expression of AKAP 79 and Fragments-A 1299-base pair  insert 
encompassing  the  entire coding region of AKAP 79 was amplified  by 
polymerase chain  reaction  (PCR)  in a Coy tempcycler, using  Blue- 
script H t  21 as a template.  PCR  primers were designed to  create  an 
NcoI site at   the 5' end  and a BamHI  site  at  the  3'  end of the  insert. 
After digestion with  both  restriction  enymes,  the 1291-base pair NcoI- 
BamHI  fragment was inserted  into  the  bacterial expression  vector 
P E T   l l d  (Novagen). The carboxyl-terminal 92 amino acids of AKAP 
79 were expressed in  the E. coli expression vector pETkfc  (17), which 
is  an  adaptation of the  T7 polymerase system  reported by Studier  et 
al. (17). A  298-base pair  fragment  encoding  the  3'  end of the  AKAP 
79 cDNA was amplified  by PCR  as described above. As before, PCR 
primers were designed to  create  an NcoI site at   the 5'  end  and a 
BamHI  site  at  the 3' end of the  insert.  After digestion with  both 
restriction enzymes, the 286-base pair  NcoI-BamHI  fragment was 
inserted  into  the  bacterial expression  vector, pETkfc.  Expression of 
AKAP 79 (335-427) kfc was performed  as described  by Studier  et al. 
(17),  and  the expressed protein was  purified  by affinity  chromatog- 
raphy  on calmodulin-agarose (16).  PCR  products were  sequenced to  
confirm  that  they  contained  the  authentic sequence. 

Site-directed  Mutagenesis of AKAP 79 (335-427)"Mutants were 
designed  to  disrupt  the  putative  secondary  structure of AKAP 79 
(335-427) by substituting  proline residues (CCX) for  selected amino 
acids.  Single point  mutations  in  AKAP 79 (335-427) were introduced 
at Leu-392 ( E A ) ,  Ala-396 (GCC), Val-400 ( E C ) ,  Gln-405 ( G G ) ,  
Ile-408 (&A), Val-412 ( E T ) ,  Met-415 ( E G ) ,  and Asp-418 (GAT) 
using mutagenic  oligonucleotides of 21 bases. All mutagenesis was 
performed by the  PCR  method of Nelson  and  Long  (IS),  using a Coy 
tempcycler. This  method employed  four  oligonucleotide primers.  One 
oligonucleotide contained  the  base  mismatches  to  direct  the  mutagen- 
esis;  the  other  three oligonucleotides allowed the selective  amplifica- 
tion of the  mutated sequence. The primers for PCR  mutagenesis  are: 
A, the mutagenic primer;  B, a reverse primer composed of a 20- 
nucleotide  3' sequence complementary  to a site  in PET l l d  down- 
stream of the coding sequence  and a unique 20-nucleotide 5' 

sequence (GGGGTACTAGTAACCCGGGCCGGGCTTTGTTAG- 
CAGCCGG); C, a  20-nucleotide  forward primer  to  the  T7  promoter 
a n d  D,  a  reverse primer  complimentary  to  the 20-nucleotide unique 
5' sequence of primer B  (CCGGCTGCTAACAAAGCCCG). Thirty 
cycles of PCR were performed  with 100  pmol of primers A and B 
using 1 fmol of HindIII linearized pETkfc  AKAP 79 (335-427) as  the 
template. The expected  product was extracted  from a 1.5% agarose 
gel and used as a primer for the second step. The second step  reaction 
included the  first  reaction  product  and  the  HindIII linearized pETkfc 
AKAP 79 (335-427). This  PCR  reaction was run for  two cycles of 3 
min a t  95 "C, 2 min a t  37 "C,  and 2  min a t  72 "C. Primers C and D 
(100  pmol each) were then added, and  an  additional 30 cycles of PCR 
were performed. The final 488-base pair  product was phenol-ex- 
tracted,  ethanol-precipitated,  and  cut  with NcoI and  BamHI.  The 
297-base pair  mutant  NcoI-BamHI  fragments were inserted  into 
pETkfc  and  transfected  into  competent  E. coli BL 21 (DE  3) cells for 
expression of the  mutant  protein.  PCR  products were sequenced to 
confirm  the  mutant sequence. 

Preparation of Synaptosomes and Postsynaptic  Densities fPSDs)- 
Synaptosomes were purified  from rat  forebrains according to  the 
method of Rich  et al. (19)  and kindly  provided  by  Drs. S. E. Tan  and 
T.  R. Soderling  (Vollum Institute).  PSDs were prepared from  a crude 
synaptosomal  fraction  that was  exposed to 1% Triton X-100. Follow- 
ing  detergent solubilization to  remove plasma  membranes  and  syn- 
aptic vesicles, the  PSDs were purified  by  a series of discontinuous 
sucrose  gradients.  Human  cerebral  cortex was obtained from the 
Oregon Health Sciences University  Research  Brain Repository and 
Division of Neuropathology, and  the  PSD was  purified by the  method 
of Carlin  et al. (20). 

Protein  Kinase Assays-The PKA  activity of PSD  fractions was 
determined by the  filter  paper  assay of Corbin  and  Reimann  (21) 
with modifications  described by Scott  et al. (22).  PKA  activity was 
specifically inhibited by a  20-residue peptide  inhibitor  (TTYAD- 
FIASGRTGRRNAIHD) derived from residues  5 to 24  of the  heat- 
stable  inhibitor of the CAMP-dependent protein  kinase (23,  24). 

RII Overlay Procedure-The RII overlay  procedure was performed 
by the  method of Lohmann  et al. (5)  with modifications documented 
by Scott  et al. (22). 

Protein  Bandshift Analysis-Bandshift analysis was performed  by 
a  modification to  the  method described by Carr  et al. (13). Partially 
purified AKAP 79 was incubated  with '251-calmodulin prior  to elec- 
trophoresis  on a 6% (w/v) nondenaturing polyacrylamide gel with 2 
mM Ca2+ included in  all buffers and gel mixtures.  After  electropho- 
resis, the gel was dried  and  the  migration of 1Z51-calmodulin complexes 
was detected by autoradiography. 

Other Methods-Peptides were synthesized by the Oregon Health 
Sciences University  peptide  synthesis facility, and  HF cleavage from 
the  resin was as described  by Scott  et al. (24).  Recombinant  RIIa was 
phosphorylated  as described by Scott  et al. (22).  Western  blots were 
performed by the  methods of Towbin  et al. (25). Human  tissue was 
collected 8 h postmortem  and kindly  supplied by Dr. Geoffrey Mur- 
doch (Oregon Health Sciences University).  Detection of immuno- 
reactive proteins  on  immunoblots was achieved by using the  ECL 
Western  blotting  detection  system  (Amersham  Corp.). Calmodulin 
was radiolabeled with '''I by the  Chloramine-T  method (26). Anti- 
bodies against  recombinant  AKAP 79 were produced by Bethyl  Lab- 
oratories,  Inc.  (Montgomery, TX). 

RESULTS 

Cloning of a  Human Thyroid PKA-anchoring Protein, 
AKAP 79-Using a modified RII overlay procedure, a  human 
thyroid X gt 11 expression library was screened for RII-binding 
proteins. Six positive clones were identified from 5 X lo5 
plaques. Each positive clone  was subcloned into the EcoRI 
site of Bluescript KS vectors for sequence analysis (as de- 
scribed under "Experimental Procedures"). Detailed restric- 
tion mapping and  partial sequence analysis determined that 
three cDNAs were identical. One of these clones, designated 
Ht 21,  was sequenced on both  strands.  The nucleotide se- 
quence (2621 base pairs)  and predicted primary structure of 
the  Ht 21 protein is presented in Fig. 1. The  Ht 21  cDNA 
contained an unusually long 5"untranslated region  followed 
by an open reading frame of 1281 base pairs that encoded a 
protein of  427 amino acids. The ATG at position 1299  was 
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1 

AGTATCCCCAAACAATTCATTTTCTGACGAAACTCTTAAA~CCAGTTTCAGAACATAAGCTTTAAGCAA~GCAATCTTGTGTTAATC 
GAATTCCTTTTTTTTTACTAATGAAACACTGCAGATT 

TGAGCTCTGTTACAGCTCTGCCGTAATCTCAGCCAAATTGCTTCATCTGTACGTGGTGATACCACCATCTTTGTAATATTGTGGTGAGGA 
TTAGAGATGTATGTAAAAGTGCATGCACTGCCTAATACCCAAGAATTGCTCAATAAATGTCAGCTATTACTACTCTTACTGACTTCC~C 
TATGTGCAGATTATGGTGCATGTGATACAGCAGATACAGTACTTAAATG-TGTC~TTGTACAACTAATTTAAGAGTGGGA 
A A T G A C A G T A A T G C T A A A T T T T C C T A A G A A T A T G T A T G A A C T T A ~ G  
T T A T A A T G G T A A A A C T A G A G A G T C A A A G T C T C T A G T T C T A C T G C  
TCCCCTCTGGAGTTCAGTTTTGTCATCTGGCTGGATTTGAGTAATCT~TAATCTCTAAAGTCCTTTGCAGCTTTAAATTATCTAT~G 
AGTGTGATAAAGATTACATCAGCTTGCTTTTCATCCTGCACTT~TTTTTGGTTCTTGTTGTTTGCTT~CTTGCACTTTAGAGTCATAA 

AAATAGAATCACACTGAACTCTTTAATAGGGC-GTAAACCCCAATGTTTATTCTCCAGTCATTTCATT~GTTATTATATGG~T 
GCAATTCACACAGACAACACCTAAAGAACTGATAATATCAGACTTGCAGGGTAATC~TGGTTTCAACAAGGAGGAT~CA 

A T G C C T G G T A G A A T C T T A T A C A T T C A C T G A A A T A G T C T C C T A C C A C T T T C T T T T C T C T  

ACTGGGCATTTCTATACTAGAGAARCCACCTARAACAACTGTATGAAAWLGTAAAAAWLTGAAAGGTACTWlATATGCCTGG~GAAATTTTACCT 
C A T C A G G T T G A T C T T T A A A T A A A G C A A A A A T T T A T C C A A A  

AGTGTGACATTTTTGCTCATCTTTTTGTCACAAAAG~TGCTAAG~GAGAWlATACAGTTTTCTAGA~TAAGAGTGCAGTGT~ 

MetGluThrThrIleSerGluIleHisValGluAsnLysAspGluLysArgSerRlaGluGlySerProGlyAlaGluArgGlnLysGlu 
A T G G A A A C C A C A A T T T C A G T T C A T G T A W U L A A C A A G G  

1 10 20 33 

AAGGCATCCATGCTTTGCTTCAAGAGAAGAAAGAAAGCA~~~CTGAAGCC~~TGGCTCTGAAGCTGCTGATGTGGCAAGG 
LysAlaSerMetLeuCysPheLysArgArgLysLysAlaAlaLysAlaLeuLysProLysAlaGlySerGluAlal~spValAlaArg 

40  50 60 

AAGTGTCCACWlAGCAGGCTTCTGATCAGCCAGAGCCCACAC~GCCT~CCTCACTCAAACGTCTTGT~CACGCAGGAAA 
LysCysProGlnGluAlaGlyAlaSerAspGlnPraGluProThr~gGlyAlaTrp~aSerLeuLysArgLeuValT~ArgArgLyS 

70 80 90 

FIG. 1. The sequence of AKAP 79 
cDNA. The nucleotide  sequence (upper 
line) and  deduced amino acid sequence 
(lower  line) of a cDNA encoding the 
human  AKAP 79 are shown. The boxed 
region indicates the RII-binding  domain. 
Consensus sites for the CAMP-depend- 
ent protein kinase (nsterisks) are indi- 
cated below  the  target  amino acids. 

A G G T C A G A G T C T T W U U L G C A G C ~ G C C A T T G G A G G G T ~ T ~ C C T ~ T A A A T G C T G A ~ T G C T G A T C T T T C T A A G ~ G  
ArgSerGluSerSerLysGlnGlnLysProLeuGluGlyGluHetGlnProAlaIleAsnAlaGluAspAlaAspLeuSerLysLYsLyS 

100 110 120 + *  
G C A A A A T C T A G A C T T A A G A T T C C C T G C A T A A A A T T C C U V L C T G C  
AlaLysSerArgLeuLysIleProCysIleLysPheProArgGlyProLysArgSerAsnHisSerLysIleIleGluAspSerAsPCys 

130 140 150 

A G C A T W U U L G T C C A G G A A G G C T G A A A T T T T G G A T A T A G A C C C C A T T G T G A T C A G G ~ ~ G G C T A A G T C A A C C C h G  
SerIleLysValGlnGluGluRLaGluIleLeuAspIleGlnThrGlnThrProLeuAsnAspGlnAlaThrLysAlaLysSerThrGln 

160 170 180 

AspLeuSerGluGlyIleSerGlnLysAspGlyAspGluValCysGluSerAsnValSerAsnSerIleThrSerGlyGluLysVa~I~e 
G A T C T A A G T G A A G G C A T C T C R C A G A A A G A T G G T G A T G A U ; T T  

190 200 210 

T C A G T A G A A C T T G G A T T A G A T A A T G G G C A T T C T G C T A T T C  

220 230 240 

GATGTTCAACCCCAGCAAGCGCCCACTTGAAACTTCAGAAA~GACCAT~GCAGCCAGTACTTTCT~TGTTCCTCCTTTACCTGCA 

SerValGluLeuGlyLeuAspAsnGlyHisSerAlaIleGlnThrGlyThrLeuIleLeuGluGluIleGluThrIleLysGluLysGl~ 

AspValGlnProGlnGlnAlaSerProLeuGluThrSerGluThrAspHisGlnGlnProValLeuSerAspValProProLeuPraA~a 
250  260 270 

ATTCCAGATCAACAAATTGTGGAAGAAGCCAGTMCAGTACCCTAG~GTGCAC~T~GACTATGAAAGTACAAAAWLGATTGTA 
IleProAspGlnGlnIleValGluGluAlaSerAsnSerThrLeuGluSerAlaProAsnGlyLysAspTyrGluSerThrGluIleV~~ 

280  290 303 

GCTGAAGAAACTAAGCCAAAAWLTACTGAATTGAGCCAAWlATCA~TTTTAAAG~TGGAAAWLTCACTGAAAAAWLGAAATCCAAATCAGAA 
AlaGluGluThrLysProLysAspThrGluLeuSerGlnGluSerAspPheLysGluAsnGlyIleThrGluGluLysSerLysSerG~~ 

310 320 330 

GAAAGCAAAAGAATGGAGCCTTGCTATTATTATTACAAAAWLCACTGAAATCAGTGAATTTGATGTTAC~TCT~TGTCCCTAAG 
GluSerLysArgMetGluProIleAlaIleIleIleThrAspThrGluIleSerGluPheAspValThrLysSerLysAS~V~~PrO~~S 

340 350 360 

CAATTCTTAATTTCAGCTGAAAATGAGCAAGTAGGGGTTTTTGCTAATGATMTGGTTTTGAGGATAGAACTT~GAACAATATGAAACA 
GlnPheLeuIleSerAlaGluAsnGluGlnValGlyValPheAlaAsnAspAsnGlyPheGluAspArgThrSerGluG1 

370 380 

CTCTTAATTGAAACAGCCTCTTCTCTAGTCAAGAATGCTATTCAGTTGTCAATAGAACA~TGGTTAATGAAATGGCCTCTGATGATAAT 
LeuLeuIleGluThrAlaSerSerLeuValLysAsnAlaIleGlnLeuSerIleGl~lnLeuValAsnGl~etAlaSerAspAsPAS~ 

400 410 420 

ARAATAAACAATCTTCTACAGTGACTTACTCTCCAGAGTCACGGCAGAUAAAAGGUTTC -2621 
LysIleAsnAsnLeuLeuGln * 

believed to be the initiation codon since it is the  first ATG in 
frame with the coding region, and  the surrounding nucleotide 
sequence contains several determinants that are  in optimal 
context for the initiation of translation (27). This was con- 
firmed when the  Ht 21 coding region  was cloned into  PET 
l l d  and produced a  protein of identical size to human cerebral 
cortex AKAP 79. 

The  Ht 21 sequence is 76% identical to bovine AKAP 75 
and 93% identical to residues 358-464 of murine AKAP 150 
(Fig. 2) and differs by only one amino acid to  the partial 
sequence of AKAP 79 previously published (12). To conform 
with the nomenclature of Rubin and colleagues (12), Ht 21 
has been renamed AKAP 79. The numbers refer to  the migra- 
tion of the native proteins on SDS-polyacrylamide gels (Fig. 
3B). AKAP 79 has no overall homology with any  other 
sequences in the GenBank" or PIR sequence data bases. 

Expression of AKAP 79 and Characterization of the RII- 
binding Domain-AKAP 79 and  the carboxyl-terminal frag- 
ment, AKAP 79 (335-427), were expressed in E. coli using the 
Studier vector system (17). A prominent  protein  band of M, 

10,000 was detected in cell lysates of IPTG-induced E. coli 
cells containing  pETkfc AKAP 79 (335-427). AKAP 79 (335- 
427) expression was maximal at 2% h  after IPTG induction 
and  constituted approximately 25% of the  total soluble pro- 
tein,  as assessed by SDS-polyacrylamide gel electrophoresis 
(Fig. 3A). In  contrast, full-length AKAP 79 was produced at 
much lower  levels (Fig. 3A) and was predominantly located 
in the particulate fraction. Since AKAP 79 (335-427) and  the 
full-length molecule both  bind RIIa  as assessed by RII overlay 
(Fig. 3 B ) ,  it was concluded that  the carboxyl-terminal 92 
amino acids of AKAP 79 include the RII-binding domain. 

We have previously proposed that regions of conserved 
secondary structure that contain an acidic amphipathic helix 
motif form the RII-binding domain in anchoring proteins 
(13). Computer-aided analysis of the AKAP 79 sequence 
identified a  putative  amphipathic helix located between resi- 
dues 392 and 405, which has sequence similarity to another 
RII-anchoring protein, Ht 31. Therefore, a family of point 
mutants was produced in AKAP 79 (335-427) to determine if 
a helical conformation is required for RII binding. Within an 
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2 5  
AKAP79 

50 
METTISEIHVENKDEKRSAEGSPGAERVKEKASHLCFKRRKKAAKALKPK 
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FIG. 2. Sequence  comparison of AKAP 79 with  AKAP 75 
and  AKAP  150 .  The  AKAP $9 sequence ( top)  is aligned  with  the 
predicted  coding  sequence of the  bovine AKAI' 75 gene (middle) and 
t.he  COOH-terminal  region  (residues  358-464) of murine  AKAP 150 
(hottorn). Sequences  are  aligned  with  gaps ( - )  to  show  maximum 
identity.  Amino  acids  identical  with  AKAP  79  are  indicated  by dots 
helow the  AKAP 79 sequence. 
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FIG. 3. Binding of RII to bacterially  expressed  AKAP 79 

and  AKAP 79 (335-427) .  Bacterial  extracts (SO pg of protein) 
were separated by gel electrophoresis on a 10%  (w/v)  SDS-polyacryl- 
amide gel.  ,After  electrophoresis, the  proteins  were  electrophoretically 
transferred  to  Immohilon  for  analysis  by  RII  overlay  binding  assay. 
Protein  hands  were  detected by staining  with  Coomassie  Brilliant 
Blue (panel A ), and  ['"P]RIICX  binding was detected  hy  autoradiog- 
raphy (panel R ) .  Bacterial  extracts  from  cells  induced  with 1 mM 
I P T G  ( l a n ~ s  1 and 9 )  are  compared  with  non-induced  cells (lanes 2 
a n d  4 ) .  E. coli cells  containing  AKAP 79  in  plasmid P E T   I l d   a r e  
shown  in lanes 1 and 2; E. coli cells  containing  AKAP 79 (335-427) 
in plasmid PET l l d  kfc are  shown in lanes 3 and 4; molecular mass 
markers are  indicated.  Extracts  were  analyzed  for  ['"PIRIIn  binding 
by a solid-phase  assay  using a modified  overlay  procedure  (21). 

extended  region of sequence  that  encompassed  the  predicted 
amphipathic  helix of A K A P  79, selected  amino  acids  were 
mutated to proline  (Fig. 4A). The  introduction of proline  can 
result in a 20" bend  in  an  a-helix  conformation  and  often 
disrupts  the  secondary  structure of proteins.  Mutants  were 
expressed  in  the  pETkfc  vector  system,  and  each  protein  was 
analyzed  for  the  ability  to  bind RII by  solid-phase  overlay 
assay  (Fig.  4, B and C). 
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FIG. 4. Disruption of HI1 binding  activity  in  AKAP  79. A ,  

the  carhoxyl-terminal  sequence of AKAI' 79 with  the  amino  acid 
positions  mutated  to  prolines as indicated. Mutant AKAI' 79 (335-  
427)  proteins  were  partially  purified  from  hacterial  extracts  and 
separated hy  electrophoresis o n  a I f ) ?  iw /v )  SI)S-polyarn.lamide gel 
and electrophoretic~lly  transferred t o  an  Immohilnn  memhrane. The 
blot was  stained  with  Coomassie  Brilliant  Blue iH) and  analyzed for 
HI1 binding hy autoradiography ( ( ' )  after  incuhation  with  "P-labeled 
Hllm. / ,mr  I contains  the  molecular weight markers ( M M ' M I  with 
sizes  indicated  hetween  the  gels.  Extracts of AKAl' 79 (335-427) wild 
type ( W T ) ,  grown  in  the  presence ilnnrp 2 )  and  ahsenre ( I m p  .'I) o f  1 
mM IPTG, are indicated.  The  various  proline  mutations  are in the 
lanes indicated. 

The  introduction of proline  at  residues  392, 396, 400.  405, 
or 408 prevents or severely  diminishes  RII  binding  (Fig. 4C'). 
These  residues  are  located  within, or immediately  adjacent 
to,  the  predicted  a-helix.  Therefore,  mutational  analysis  sug- 
gests  that  disruption of the  secondary  structure  between  res- 
idues  392  and 408 of AKAP 79 prevents  interaction  with  RIln. 
Control  mutations  outside  the  putative  amphipathic  helix  at 
residues  412  and 415 had  no  qualitative  effect  on  RII  inter- 
action  (Fig.  4C),  demonstrating  that  subst.itution  with  proline 
does  not  destabilize  the  overall  conformation of the  protein. 
In  order  to  confirm  that  this  region is a determinate  for  RII 
binding,  a  24-residue  peptide, Tvr-Glu-Thr-Leu-Leu-Ile-Glu- 
Thr-Ala-Ser-Ser-Leu-Val-Lys-Asn-Ala-Ile-~ln-Leu-Ser-Ile- 
Glu-Gln-Leu-,  which  encompasses  the  putative  amphipathic 
helix,  was  synthesized. A K A P  79 (388-409) peptide blocks 
RII interaction  with AKAP 79 and  other  anchoring  proteins 
as assessed  by  overlay  assay  (Fig. 5 ) .  These  results support 
our  hypothesis  that  an  acidic  amphipathic  helix is a conserved 
binding  motif  for RII/AKAP interaction. 

Calmodulin  Binding  and PKA P h o s p h o ~ l a t i o n  of AKAP 
79-Previous  studies  have  shown  that AKAP 75 is a calmod- 
ulin-binding  protein (4 ) .  To  determine i f  calmodulin  binds to 
A K A P  79, the  two  proteins  were  incubated  together  and  then 
analyzed  by  bandshift gel electrophoresis. A complex of A K A P  
79 and ""I-calmodulin  was  detected  by a shift  in  migration of 
labeled  calmodulin  on  autoradiography  (Fig. 6, l a w  2 ) .  Since 
A K A P  79 ( 3 3 5 4 2 7 )  is unable  to  bind  calmodulin, it was 
concluded  that  the  amino-terminal  regions of AKAP 79 are 
responsible for interaction  with  calmodulin.  Likewise,  full- 
length A K A P  79 binds  to  calmodulin-agarose  in a Ca"- 
dependent  manner  but A K A P  79 (335-427) does  not  (data 
not  shown). 

Co-localization of AKAP 79, AKAP 1.50, and PKA to the 
Postsynaptic  Densities-Recombinant AKAP 79 was  purified 
by  affinity  chromatography  on  calmodulin-agarose  and  used 
t o  raise  antisera  in  rabbits.  Immunoblots of several  tissues 
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FIG. 5. Competition of RIIa/AKAP 79 interaction  with 
AKAP (388-409) peptide. Protein  extracts of human  cerebral 
cortex  (25 pg) were separated by  gel electrophoresis  on  a 10% (w/v) 
SDS-polyacrylamide gel. After electrophoresis,  the  proteins  are elec- 
trophoretically  transferred  to Immobilon. Samples were analyzed for 
["'P]RIIR binding by a  solid-phase  assay  using  a modified overlay 
procedure (21). Samples were incubated  with [:'?P]RIIa alone (lanes 
I and 3) or with ["2P]RIIn that  had been preincubated for 15 min 
with  either 25 or 60 p~ AKAP 79 (388-409) peptide (lanes 2 and 4, 
respectively).  Molecular  weight markers  are  indicated.  The  stock 
peptide  solution  contained  dimethyl sulfoxide to  aid  in solubilizing 
t.he  peptide; as a  control, equal  volumes of dimethyl sulfoxide without 
the peptide were added to lanes I and 3 (0.6 and 1.5% dimethyl 
sulfoxide, respectively). 

1 2  

tAKAP79 + '251-CaM 
Complex 

Free '251-CaM+ e- 
AKAP79 - t 

FIG. 6. Binding of AKAP 79 to calmodulin. The ability of 
AKAP 79 to  interact  with  calmodulin was  assessed by nondenaturing 
electrophoresis.  AKAP 79 (5 pg) and '2'I-radiolaheled calmodulin 
('""ICaM) (0.1 pg) were incubated for 1 h a t  20 "C  and  separated by 
nondenaturing  electrophoresis  on  a 6% (w/v) polyacrylamide gel with 
2 mM Ca" added  to all  buffers. The  AKAP 79-calmodulin  complex 
was  detected by autoradiography. IAna I contains ""I-radiolabeled 
calmodulin  alone  and lane 2 the 12sII-radiolabeled calmodulin-AKAP 
79 complex. 

were  analyzed with polyclonal anti-AKAP 79 antisera a t  a 
dilution of  1:2000. A 79-kDa protein was  recognized  in human 
cerebral  cortex  and,  to  a lesser extent,  in  human  brain  white 
matter  and  thyroid (Fig. 7A).  These  bands were absent  when 
parallel  blots were analyzed with  pre-immune  serum from the 
same  rabbit.  The  human  thyroid  protein (Fig. 7A, lane 5 )  
migrates at  a  slightly slower mobility,  which  may  be due  to 
post-translocation modification;  however, recombinant 
AKAP 79 migrates a t  a  rate  equal  to  the  human  cerebral 
cortex  protein (Fig. 7B, lanes 1 and 2 ) .  Anti-AKAP 79 antisera 
also detect  cross-reacting  proteins of 75 and 150 kDa in  bovine 
cerebral  cortex  and  murine  brain  extracts (Fig.  7A). These 
data  further  support  the  notion  that  AKAP 79 is  a  human 

homolog of the AKAP75/150  family of RII-anchoring  pro- 
teins.  Other  bands of lower molecular weight were also de- 
tected  with  the  anti-AKAP 79 antihody in the  human  and 
bovine brain  extracts; however, these  proteins  do  not hind to 
RII in solid-phase overlay assays  (Fig.  7R),  and  their signifi- 
cance is unclear.  A survey of other  tissues including human 
cerebellum, adrenal, liver, skeletal muscle, heart, lung, liver, 
and kidney and bovine skeletal muscle, heart,  thyroid, lung, 
liver, and  pituitary was unable  to  detect  any  other protein 
that  cross-reacted  with  anti-AKAP 79. 

Immunoreactive  proteins of 79 and 150  kDa were detected 
with  the  anti-AKAP 79 antisera in the  subcellular  fractions 
of synaptosomes  and purified PSDs from human  and  murine 
tissue, respectively (Fig. 7A).  The 150-kDa hand was enriched 
severalfold  in the  murine  PSD  compared with the  synapto- 
some (Fig. 7A). The  human  PSD was also enriched for AKAP 
79, but  to  a lesser extent  than  the  murine  counterpart.  Parallel 
blots were  analyzed  for RII-binding  proteins hy the solid- 
phase overlay  procedure. Prominent  hands of  79 and 150 kDa 
were detected in human  and  murine  fractions, respectively 
(Fig. 7R, lanes 7-10). In both cases, the 79- and 150-kDa 
bands were the major RII-anchoring  proteins  detected in 
purified  human  and  murine  PSD  fractions (Fig. 7H). 

We reasoned  that if an  RII-anchoring prot,ein is a compo- 
nent of the  PSD,  the  type I1 PKA  should he co-localized there 
also. Therefore,  immunoblots were  prohed  with polyclonal 
anti-murine  RII  antisera  and  detected  RII in both  synapto- 
some and purified PSD  fractions (Fig. 7 C ) .  The t-ype I R 
subunit was not  detected in either  the  synaptosomes or the 
PSD  when  filters were prohed  with anti-murine RI antisera 
(data  not  shown).  Furthermore,  incubation of PSD extracts 
in  the  presence of 10 PM CAMP increased the  phosphorylation 
of the  synthetic  PKA  substrate pept.ide Kemptide  (Leu-Arg- 
Arg-Ala-Ser-Leu-Gly)  compared with control (Fig. 8).  Ap- 
proximately  30% of Kemptide-phosphorylating activity was 
inhibited by PKI (5-24) peptide,  a specific inhibitor of PKA 
(23),  indicating  that  the C subunit of the  PKA is also present 
in  the  PSD (Fig. 8). Through  the  comhination of immunolog- 
ical and enzymological assays, we concluded that  AKAP 1.50 
and  the  type I1 PKA  are co-localized  in the  murine  PSD. 

DISCUSSION 

In  this  report we describe the  cloning  and  functional  char- 
acterization of the  human  AKAP 79. Structural  similarity 
and immunological cross-reactivity with two other  RII-an- 
choring  proteins,  AKAP 75 and A K A P  150 (formerly called 
P-75  and  P-150), suggest that  AKAP 79 is their  human 
homolog. AKAP 79 is 76% identical to  AKAP 75, and residues 
325-427 of AKAP 79 are  93% identical to a corresponding 
region of AKAP 150 (Fig. 2).  The  AKAP  75/lS0 family of 
RII-anchoring  proteins is predominantly expressed in the 
central  nervous  system  (4,9-12).  A survey of nine  human  and 
eight bovine tissues  detected  AKAP 79 and its homologs in 
only  the  brain  and  human  thyroid. However, the cDNA for 
AKAP 79 was  isolated  from a human  thyroid library,  sug- 
gesting  that  either  the  protein  also  has  a specialized function 
in  the  thyroid or the  tissue used  for  cDNA synthesis  contained 
low levels of neuronal  tissue. 

The calculated molecular weight of AKAP 79 is 47,085, 
although  the  protein  migrates with a mohility of M ,  79,000 
on  SDS-polyacrylamide gels (Fig. 3) .  This discrepancy in 
apparent molecular  weight must he a  characteristic of the 
amino-terminal  portion of the  protein  since  the carboxyl- 
terminal  RII-binding  fragment  AKAP 79 (335-427) migrates 
with  the  expected molecular  weight of 10,000 on  SDS-polv- 
acrylamide gels (Fig. 3). Hirsch et a/. (12)  have suggested that 
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FIG. 7. Immunological detection of AKAP 75,  79, and 150 and co-localization of AKAP 79 and 150 with RII in the 
postsynaptic densities. Protein  extracts of various issues (5-25 pg) were separated by  gel electrophoresis on a 10% (w/v)  SDS-polyacrylamide 
gel. After  electrophoresis, the  proteins were  electrophoretically transferred to Immobilon  for Western analysis with  anti-AKAP 79 antisera 
( A ) ,  anti-murine  RII  antisera (C), or  analysis of RII  binding by RII overlay  with  32P-labeled RIIa ( B ) .  The tissue  source of each sample is 
marked above the lane (H., human; B., bovine; M., murine); migration positions of AKAP 75, AKAP 79, AKAP 150, and  RII  are indicated. 
Molecular weight markers  are  indicated  on  each panel. 

PKI (5-24) - + - +  - +  
CAMP - - + +  + +  

Post Synaptic Density C-subunit 

FIG. 8. Measurement of CAMP-dependent protein kinase 
activity in the postsynaptic densities. Purified fractions of the 
PSD (0.1 pg) or purified  C subunit of the  PKA were analyzed  for 
protein kinase activity using the  synthetic  heptapeptide  Kemptide 
(Leu-Arg-Arg-Ala-"Leu-Gly) as a substrate.  Samples were ana- 
lyzed by the filter paper procedure of Corbin  and  Reimann (21), and 
incorporation of radioactivity  was  measured by Cerenkov  counting. 
Kinase activity is expressed in relative units. The addition of CAMP 
(100 pM)  or  the  PKI (5-24) peptide (20 pM),  a specific inhibitor of 
the catalytic  subunit of PKA,  is indicated. 

the discrepancy between the calculated and  apparent M, of 
AKAP 75 (75,000) is due to  the highly acidic nature of a 
central region of the molecule (residues 180-320), which binds 
poorly to SDS,  thereby causing the protein to migrate with 
reduced mobility. Given the considerable sequence similarity 
between both  proteins, this explanation is most likely true for 
AKAP 79 also. 

We have previously demonstrated that disruption of a 
putative  amphipathic helix region within the RII-anchoring 
protein, Ht 31, prevents binding to  RIIa (13). Synthetic 
peptides that encompass the amphipathic helix region of Ht 

31  adopt  a helical conformation, as assessed by circular di- 
chroism, and bind RII or the type I1 PKA with nanomolar 
affinity (14). Based on these findings and  the identification 
of a similar region in MAP 2,  we have proposed that acidic 
amphipathic helices may  be a common  motif that can be used 
to identify RII-binding sites in other RII-anchoring proteins. 
Consistent with this hypothesis, a  putative  amphipathic helix 
region  was identified at  the extreme carboxyl terminus of 
AKAP 79, between residues 392 and 405  (Fig. 4A). Moreover, 
this sequence is highly conserved in AKAP 75 and AKAP  150 
(Fig. 2) and shares  a 43% identity with the corresponding 
region of Ht 31 (residues 494-507). Disruption of the second- 
ary  structure by substitution of proline at  selected sites within 
the putative helix of AKAP 79 prevents  RII binding, whereas 
similar substitutions outside the region  have no effect (Fig. 
4C). These  results are consistent with previous studies show- 
ing that secondary structure is an important  determinant for 
RII-anchoring  protein  interaction. Additionally, RII interac- 
tion with AKAP 79 was blocked by a 24-residue peptide that 
encompasses the putative  amphipathic helix  region. To aid 
solubility, this peptide was  dissolved in buffers containing 
0.6% dimethyl sulfoxide (final  concentration) when used in 
RII overlay procedures (Fig. 5). Unfortunately, extreme in- 
solubility of AKAP 79 (388-409) peptide in any buffers com- 
patible with spectral analysis prevented the use of circular 
dichroism to determine the helical content of the peptide. 

The amino-terminal region of AKAP 79 is rich in  basic 
amino acids (Fig. 2). In fact, 47  of the 59 basic residues in the 
protein are located in the first 150 residues (Fig. 2). The 
overall positive charge in this region  may function to attach 
AKAP 79 to subcellular structures via electrostatic interac- 
tions. This same region  may contain  a calmodulin-binding 
site. Although there is little or no conservation in primary 
structure, calmodulin binding sequences are identified as re- 
gions with an abundance of basic and hydrophobic amino 
acids (28,  29) and propensity to form amphipathic helices. 
Residues 74-99  of AKAP 79 fulfill both criteria (Fig. 2). 
Interestingly, this sequence, Thr-Arg-Gly-Ala-Trp-Ala-Ser- 
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Leu-Lys-Arg-Leu-Val-!l&-Arg-Arg-Lys-Arg-&-Glu-&- 
Ser-Lys-Gln-Gln,  contains  three of the four potential PKA 
phosphorylation sites  present  in AKAP 79 (Fig. 2). Chimeric 
proteins that include this region of AKAP 79 fused to a  carrier 
molecule, endonexin 11, are phosphorylated by PKA although 
endonexin is not.' Future  studies  are  planned to determine if 
this region represents the calmodulin-binding site  and if PKA 
phosphorylation alters binding. Phosphorylation by protein 
kinase C of similar sites in the MARCKS protein and neu- 
romodulin prevents calmodulin binding (30-32). 

Biochemical and immunohistochemical studies have dem- 
onstrated  that approximately 75% of the type 11 PKA in  the 
central nervous system is compartmentalized through inter- 
action of its regulatory subunit  and specific anchoring  pro- 
teins (33-35). In  particular,  RII binds to neurons with high 
affinity and is  believed to be attached  to  the  dendrites  through 
association with MAP 2 (6, 35, 36). However, RII  has also 
been detected in  other neuronal compartments  and presum- 
ably is localized through association with different RII-an- 
choring proteins (37). Supporting  this view, the immunologi- 
cal evidence presented in this  study suggests that AKAP 79 
and AKAP 150 are components of the human  and murine 
postsynaptic densities. These  data suggest that AKAP 79 and 
AKAP 150 function to anchor the type I1 PKA to  the  PSD 
through high affinity interaction with RII. Consistent with 
this hypothesis are  data showing that approximately 30% of 
the total protein kinase activity, assayed using Kemptide as 
substrate, in purified PSD  fractions was due to PKA (Fig. 8). 
Furthermore,  this activity is attributed  to  the type I1 PKA 
since only RII was detected in purified PSD  fractions by 
Western blot (Figs. 7C and 8). The remaining 70% of kinase 
activity in the  PSD is likely due to CaM-kinase 11. CaM- 
kinase 11, which constitutes approximately 30% of total  PSD 
protein, is capable of phosphorylating Kemptide (19). 

A variety of data  has indicated that protein phosphorylation 
regulates the efficiency of synaptic transmission, both by 
modulating the release of neurotransmitter from the presyn- 
aptic  terminals  and by modulating the sensitivity of receptors 
in  the postsynaptic membrane (38). PSDs  are  a disc-shaped 
fibrous network of proteins located on the  internal surface of 
excitatory synapses just inside the postsynaptic membrane 
(20). Protein kinases associated with the  PSD  are optimally 
positioned to respond to signals transduced across the  syn- 
aptic membrane resulting from synaptic  transmission  or neu- 
rotransmitter release. Accordingly, all  three multifunctional 
protein kinases, PKA, protein kinase C, and  the Ca'+/cal- 
modulin-dependent protein kinase I1 have been detected in 
the PSD (20,  39-42). Two classes of PSD exist that have 
different morphologies and presumed functions (43). The 
PSD from type I synapses is a  prominent  band of fibrous 
material found in neurons that mediate excitatory respodses. 
In contrast,  PSD from the type I1 synapse is present in 
neurons that mediate inhibitory responses and is less pro- 
nounced with a  punctate morphology. Previous studies have 
detected PKA associated with the type  I  PSD  but  not with 
the type I1 PSD (20). Additionally, several of the type I  PSD 
proteins  are in vitro substrates for PKA (20). This is consist- 
ent with the function of AKAP 79 and AKAP 150 to localize 
PKA in the type I  PSD where it  can regulate aspects of 
excitatory synaptic transmission. Presumably, AKAP 79 acts 
as a protein bridge  where the amino-terminal domain associ- 
ates with other  PSD proteins, including calmodulin, and  the 
carboxyl-terminal domain binds the PKA holoenzyme 
through  interaction with RII. 

Compartmentalization of PKA close to  the postsynaptic 

J. D. Scott and R. E. Stofio-Hahn, unpublished observation. 

membrane, through  interaction with AKAP 79 and 150, places 
the kinase close to  the neurotransmitter receptors. These 
receptors are particularly appropriate  targets for modulation 
by PKA phosphorylation since they  are  central  to the process 
of signal transduction across the postsynaptic membrane (38). 
Reports have shown that members of both classes of neuro- 
transmitter receptors, G-protein-linked receptors and chemi- 
cally gated ion channels, are phosphorylated by PKA (44,45). 
In both cases, the functional effect of phosphorylation appears 
to be the regulation of receptor desensitization for their ago- 
nists. The @-adrenergic receptor binds the neurotransmitter 
norepinephrine or the hormone epinephrine and is a  substrate 
for three different protein kinases, including PKA (46). Het- 
erologous desensitization of the @-adrenergic receptor is con- 
trolled by PKA phosphorylation and reduces the ability of the 
receptor to activate G, (47). Receptors for the excitatory 
amino acids ~~-amino-3-hydroxy-5-methyl-4-isoxazolepropi0- 
nate-kainate  and glutamate are  potentiated by agents that 
stimulate PKA activity (48,  49). It is of interest to note that 
the glutamate receptor, R6  isoform  (GluRG), contains  a  con- 
sensus PKA phosphorylation site  in the cytoplasmic tail (50). 
At this time it is unknown whether GluR6 activity is regulated 
by CAMP. However, it is tempting to speculate that AKAP 
79 and 150 adapt PKA for a function in  synaptic plasticity 
by localizing the kinase close to specific substrates such as 
the neurotransmitter  and excitatory amino acid receptor 
channels. 
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