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Introduction 
Since the discovery by Sutherland and colleagues 
[l-31 of cyclic AMP as an intracellular second 
messenger for hormone-mediated events, consider- 
able research has focused on understanding its 
action. A key step in this process was the discovery 
by Fischer and Krebs that cyclic AMP, M$+ and 
ATP were factors affecting the activity of phos- 
phorylase b kinase [4], which led to the discovery of 
a cyclic-AMP-dependent protein kinase (PKA) [ 51. 
Since then, it has been demonstrated that 20 or 
more different hormones activate PKA through a 
common signalling pathway that elevates intracellu- 
lar cyclic AMP [6-81. 

PKA is a multifunctional enzyme with a broad 
substrate specificity. It is therefore hard to imagine 
how the kinase is able to phosphorylate the correct 
target proteins rapidly and preferentially in 
response to activation by individual hormones. This 
is particularly true if one considers PKA as a 
soluble enzyme freely diffusing throughout the 
cytoplasm. Under these conditions, elevation of 
cyclic AMP concentration would cause an indis- 
criminate burst of phosphorylation. Thus a pre- 
ferred hypothesis is that PKA is compartmentalized 
and individual hormones preferentially activate 
specific pools of kinase that are co-localized with 
substrate proteins (Figure 1). Consequently, the 
localization of PKA may be a key regulatory event 
in determining the intracellular sites of hormone 
action. Support for PKA compartmentalization is 
provided by three lines of evidence: different 
hormones activate specific PKA subtypes [9], cyclic 
AMP accumulates in distinct cellular compartments 
[lo], and PKA subunits are detected in different 
cellular compartments [ 11,121. Moreover, a body of 
work over the past 10 years has shown that the type 
I1 PKA holoenzyme (2R2C) can be tethered at 
specific subcellular locations through the interaction 
of its regulatory (RII) subunit with A-kinase anchor 
proteins (AKAPs) [ 13-16]. The scope of this paper 

Abbreviations used: AKAP, A-kinase anchoring protein; 
AMPA. a-amino-3-hydroxy-5-methyl-4-isoxazole-pro- 
pionic acid; CaN, calcineurin; PKA, cyclic-AMP- 
dependent protein kinase; PSD, postsynaptic density; MI, 
regulatory subunit of type I1 PKA holoenzyme. 
*To whom correspondence should be addressed. 

is to highlight our recent progress on three features 
of PKA anchoring indicated in Figure 1. These are: 
(1) the identification of A M - b i n d i n g  determi- 
nants located on each RII protomer, (2) the use of 
AKAP-derived peptides to disrupt PKA anchoring 
and antagonize cyclic-AMP-responsive events, and 
(3) the use of yeast two-hybrid screening strategies 
to identify additional AKAP-binding proteins 
including the phosphatase 2B, calcineurin. 

AKAP-binding determinants on RII 
Initially, PKA anchoring proteins were identified by 
Rubin and colleagues as contaminating proteins 
that co-purified with RII after affinity chromatog- 
raphy on cyclic-AMP agarose [ 13,141; however, 
detailed study of AKAF's was made possible by the 
original observation of Lohmann [ 171 that many 
AKAPs retain their ability to bind RII after transfer 

Topology of the anchored protein kinase A complex 

A schematic representation of a model for protein kinase A 
targeting through association with AKAPs. The three sites of 
protein-protein interaction discussed in the text are indicated 
( I ,  AKAP-binding determinants on RII; 2, conserved kinase- 
binding domain; 3, unique targeting domain), RII denotes the 
type II regulatory subunit and C denotes the catalflic subunit of 
protein kinase A. 
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to nitrocellulose membranes. As a result, the stand- 
ard method for detecting AKAPs is an overlay tech- 
nique that is essentially a modification of the 
Western blot procedure [ 17,181. Using the RII 
overlay we were able to screen a family of RII dele- 
tion mutants to map the AKAP-binding region [ 191. 
Our early studies narrowed the AKAP-binding 
region to sites within the first 79 amino acids of 
RIIa [ 19,201 while, at the same time, Erlichman et 
al. [21] had demonstrated that the first 50 residues 
of RIIB participate in anchoring. Comparison of the 
murine RIIa and MIB sequences revealed a high 
degree of homology (65% identity) in the first 40 
residues, whereas both sequences diverged from 
residues 40 to 75 [22]. On the assumption that con- 
served structure often reflects conserved function, 
we concluded that the AKAP-binding region must 
be located between residues 1 and 40. T o  narrow 
the AKAP-binding region of RIIa, a family of 
C-terminal truncations and N-terminal deletions 
were constructed within the first 40 amino acids. 

Truncated RII forms containing residues 
1-40, 1-35 and 1-30 of murine RIIa bound 
AKAPs as assessed by the RII overlay, indicating 
that the AKAP-binding site is located within the 
first 30 residues of RIIa. Previous studies have 
shown that this region is also important for dimeri- 
zation of MI [19]. T o  define more closely the 
AKAP-binding and dimerization domains, amino- 
terminal deletion mutants lacking the first five or ten 
amino acids of RIIa were constructed and were 
assayed for their ability to bind AKAPs and to 
dimerize. Both mutants were unable to bind AKAPs 
as assessed by the RII overlay and only RIIa des 5 
retained the ability to form a dimer [23]. Thus 
determinants for AKAP binding are located within 
the first five residues of each RII protomer (Ser- 
His-Ile-Gln-Ile-), whereas determinants for dimeri- 
zation are located further downstream. By a process 
of elimination, residues 3-5 were considered the 
most likely to be important for association with 
AKAPs because recombinant RIIa retains wild- 
type AKAP-binding activity although it contains a 
glycine residue in place of serine at position 1 and 
the histidine residue at position 2 is not conserved 
in the RIIS isoform. T o  identify their contribution 
to AKAP binding, residues 3-5 were systematically 
replaced with alanine and the binding properties of 
the mutant proteins were compared with wild-type 
FUIa by equilibrium dialysis. Substitution of alanine 
for their Ile3 or Ile5 decreased AKAP binding to 
approx. 60% of wild-type activity, whereas substitu- 
tion of alanine for glutamine at position 4 had no 
significant effect. The double mutant, with substitu- 

tions at both positions 3 and 5 ,  had only approx. 
15% of wild-type binding activity. The structural 
integrity of each mutant protein was retained, as 
assessed by circular dichroism, binding to cyclic- 
AMP agarose and dimer formation. Collectively, 
these results suggest that isoleucine residues at 
positions 3 and 5 play a major role in the high-affin- 
ity interaction of RII with AKAPs. 

Anchoring inhibitor peptides 
antagonize cyclic-AMP-responsive 
events 
In complementary studies we have investigated the 
regions within AKAPs that interact with RII. 
Because several AKAPs bind to the same or over- 
lapping sites on MI, we hypothesized that all 
AKAPs would share a conserved RII-binding 
domain. A comparison of several AKAP sequences 
showed no striking homology, leading us to 
examine the MI-binding site of each AKAP for a 
conserved secondary structure motif. Computer- 
aided analysis of these sequences predicted that 
they all had a high probability for formation of an 
amphipathic a-helix (Figure 1). Disruption of 
secondary structure within this region by introduc- 
tion of proline into the a-helix conformation of 
Ht31, a human thyroid AKAP, abolished RII-bind- 
ing, whereas substitution of proline at sites outside 
the putative helical region had no effect [24,25]. 
Furthermore a synthetic peptide encompassing the 
putative helical region blocked all RII-AKAP inter- 
action (as assessed by RII overlay) and bound RII 
or the type I1 holoenzyme with nanomolar affinity 
[25]. Putative amphipathic helices have now been 
identified in all AKAPs and we proposed that they 
form a conserved RII-binding site [ 15,24-281. 

The development of ‘anchoring inhibitor pep- 
tides’ provided us with reagents to test whether dis- 
ruption of PKA anchoring in cells could antagonize 
certain cyclic-AMP-responsive events. The test 
system for these studies were cultured hippocampal 
neurons where type I1 PKA is tethered at post- 
synaptic sites through association with AKAP79. 
We have previously shown that AKAP79 is asso- 
ciated with a cytoskeletal-like structure known as 
the postsynaptic density (PSD) located just below 
the postsynaptic membrane [26]. We have pro- 
posed that this anchor protein positions the kinase 
close to the ionotrophic glutamate receptors, which 
are ion channels known to be modulated by cyclic- 
AMP-dependent phosphorylation [29-3 11. 

Whole-cell electrophysiology recording tech- 
niques were used to show that anchoring of PKA 
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by AKAPs is required for modulation of a-amino- 
3-hydroxy-5-methyl-4-isoxazole-propionic acid 
(AMPA) kainate responsive glutamate currents. 
This was achieved by using the microelectrode as a 
delivery system to introduce the anchoring inhibitor 
peptides into hippocampal neurons [ 3.21. Anchoring 
inhibitor peptides (1 pM) derived from Ht31 or 
AKAP79 blocked AMPA/kainate responsive 
currents to the same extent (64.9 f 3.2%, n = 12, and 
68.3 k 3.3%, n = 12, respectively) as the PKI peptide 
(61.8 f 4.1%, n = 12), a reagent that specifically in- 
hibits the C subunit of PKA [33,34]. The effects of 
PKI and the anchoring inhibitor peptides were not 
additive. However, the action of the anchoring inhi- 
bitor peptides was overcome by addition of C sub- 
unit of PKA (0.3 pM), suggesting that the anchoring 
inhibitor peptide interfered with PKA-dependent 
phosphorylation but did not directly inhibit the 
kinase. In addition, a control peptide unable to 
block RIVAKAP interaction had no significant 
effect on kainate currents (85+4.1%, n=7). This 
was the first demonstration of an altered cyclic- 
AMP-responsive function as a result of disrupted 
PKA localization. However, Catterall and colleagues 
[35] have recently used the same anchoring inhibi- 
tor peptides to demonstrate that compartmentaliza- 
tion of PKA close to the L-type Ca2+ channels is 
required to maintain a voltage-dependent influx of 
calcium into skeletal muscle cells. This observation 
provides additional credence to the notion that PKA 
anchoring is a physiologically relevant regulatory 
mechanism to ensure the rapid and preferential 
phosphorylation of key substrates. 

Additional AMP-binding proteins: 
phosphatase 2B 
The ‘targeting hypothesis’ of Hubbard and Cohen 
[36] stipulates that a targeting subunit directs pro- 
tein kinases and phosphatases to an organelle, 
membrane or cytoskeletal component. Accordingly, 
AKAPs must contain two binding sites for localiza- 
tion of PKA: an amphipathic helix for association 
with RII, and a targeting site for attachment to sub- 
cellular structures [ 371. Therefore a principal aim of 
the laboratory was, and still remains, the charac- 
terization of binding proteins that serve to target the 
AKAP (Figure 1). In an effort to identify such pro- 
teins, we used AKAP79 as the ‘bait’ in the yeast- 
two-hybrid cloning method popularized by Durfee 
et al. [38]. We initially screened a mouse T-cell 
library and demonstrated the validity of this 
strategy because we were able to retrieve numerous 
clones encoding the R subunit. However, to our 
surprise, one strongly positive clone contained 

cDNA encoding the catalytic subunit of the /3 iso- 
form of the phosphatase 2B, calcineurin (CaN). A 
series of control experiments with the yeast con- 
structs demonstrated that CaN specifically inter- 
acted with AKAP79 but not with RII alone, and 
other controls confirmed that AKAP79 bound RII 
in yeast. Collectively these findings suggested the 
occurrence of a ternary complex between CaN, the 
AKAP and PKA. Indeed, such ternary complexes 
were identified in bovine brain by using two separ- 
ate biochemical fractionation methods [ 391. First, 
CaN was immunoprecipitated from purified bovine 
brain extracts and was shown to co-precipitate with 
both AKAP75 (the bovine homologue of AKAP79) 
and PKA. Secondly, PKA R subunit was purified 
from brain extracts by affinity chromatography on 
cyclic-AMP-agarose. AKAP75 and the CaN holo- 
enzyme were co-purified with R subunit in these 
experiments, and were specifically eluted from the 
affinity column with the PKA anchoring inhibitor 
peptide. This demonstrates that the CaN holo- 
enzyme associates with PKA via the AKAP. For- 
mation of this complex is supported by earlier work 
of Klee et al. [40], who showed that purified bovine 
brain CaN preparations contained the PKA holo- 
enzyme and an unidentified 75 kDa protein. 

One important observation made during the 
isolation of ternary complexes was that the phos- 
phatase recovered in these experiments was in- 
active. Using recombinant forms of CaN and 
AKAP79 in kinetic experiments, we found the 
AKAP to be a non-competitive inhibitor of the 
phosphatase (Ki  = 4.2 f 1.8 pM) with respect to 
phosphorylated substrate peptide [ 391. Comparison 
of the sequence of AKAP79 with those of other 
known inhibitors of CaN identified a region within 
the AKAP, distinct from the PKA-binding site, 
similar to the CaN-binding region found in the 
immunophilin FKRP-12. A synthetic peptide 
encompassing this region of the AKAP is also a 
specific inhibitor of CaN [39]. Unlike the immuno- 
philins, however, inhibition of CaN by AKAP79 
does not require the presence of immunosuppres- 
sant drugs. These results are intriguing because 
they represent the first report of a direct, endo- 
genous inhibitor of CaN. 

A hypothetical model for AKAP-mediated 
localization of PKA and CaN in neurons is pre- 
sented in Figure 2. In this model both the kinase 
and phosphatase are optimally positioned at the 
PSD for modulating ion channels. Under conditions 
of elevated cyclic AMP, the channel becomes phos- 
phorylated by localized PKA. The event is subse- 
quently terminated through dephosphorylation of 
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Targeting of protein 
PSDs through 

Figure 1 

kinase A and calcineurin to the 
association with AKAP79 

The figure indicates our current thinking about the putative 
function of AKAP79, which simultaneously targets protein 
kinase A (PKA) and the phosphatase 26 (calcineurin) t o  the 
PSDs in neurons. Targeting of PKA and calcineurin at this site is 
likely to facilitate their preferential activation in response to  the 
diffusible second messengers cyclic AMP and Ca2+, thereby 
permitting modulation of the phosphorylation state of ion 
channels and transmembrane receptors located in the post- 
synaptic membrane (at top). Protein-bound phosphate groups 
are indicated (P) and inorganic phosphate released by calci- 
neurin is denoted (P,) 

PostsvnaDtic densities 

the channel by co-localized CaN. While the factors 
that activate localized CaN have not been deter- 
mined, they presumably include Ca2+ and cal- 
modulin to release the enzyme from auto-inhibition. 
A Ca2 + -dependent mechanism for dephosphoryla- 
tion would be especially convenient for deactivation 
of Ca2+ channels, which would be shut down as 
part of a feedback mechanism. However, results 
from experiments in vitro in our laboratory have 
suggested a more complex mechanism for activa- 
tion of localized CaN because inhibition of the 
phosphatase by AKAP79 is Ca2+ -independent [ 391. 

Conclusions 
The subcellular distributions of kinases and 
phosphatases are directed through their association 
with targeting proteins. In this paper we have 
reviewed studies that identify molecular determi- 
nants in RII. These determinants contribute to its 
function as a targeting subunit that binds to AKAPs 
and localizes the PKA holoenzyme near specific 
substrates. Until recently the AKAPs were thought 
to function exclusively in the localization of PKA. 
However, this view has been modified to include 
recent findings that demonstrate that certain 
AKAPs also function to localize the phosphatase 

2B, calcineurin. Co-localization of kinases and phos- 
phatases may account for the exquisite modulation 
of certain phosphorylation events that are necessary 
for maintaining cellular homoeostasis (Figure 2). 

We acknowledge the advice and critical evaluation of this 
work provided by other members of the Scott Labora- 
tory and our colleagues at the Vollum Institute, the edi- 
torial expertise of Ms. Laura Zeigen, and financial 
support provided in part by NIH grants GM48231 (to 
J.D.S.) and NRSA, DK09059 (to V.M.C.). 

1 Rall. T. W. and Sutherland, E. W. (1958) J. Biol. 

2 Sutherland, E. W. and Rall, T. W. (1958) J. Biol. 

3 Sutherland, E. W. (1972) Science 171,401-408 
4 Krebs, E. G., Graves, D. J. and Fischer, E. H. (1959) 

5 Walsh, D. A., Perkins, J. P. and Krebs, E. G. (1968) 

Chem. 232,1065-1076 

Chem. 232,1077- 109 1 

J. Biol. Chem. 234,2867-2873 

J. Biol. Chem. 243,3763-3765 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 

22 

Krebs, E. G. and Beavo, J. A. (1979) Annu. Rev. 
Biochem. 43,923-959 
Taylor, S. S., Buechler, J. A. and Yonemoto, W. 
(1 990) Annu. Rev. Biochem. 59,97 1 - 1005 
Scott, J. D. (1 993) Review: Encycl. Pharmacol. Ther. 
139,137-156 
Harper, J. F., Haddox, M. K., Johanson, R., Hanley, 
R. M. and Steiner, A. 1,. (1985) Vit. Horm. 42. 
197-252 
Barsony, J. and Marks, S. J. (1990) Proc. Natl. Acad. 
Sci. U S A .  87, 1 188- 1 192 
Litvin, Y., PasMantier. R., Fleischer, N. and Erlich- 
man, J. (1984) J. Biol. Chem. 259, 10296-10302 
Livesey, S. A,, Kemp, B. E., Re, C. A,, Partridge, N. C. 
and Martin, T. J. (1982) J. Biol. Chem. 257, 14983- 
14987 
Leiser, M., Rubin, C. S. and Erlichman, J. (1986) 
J. Biol. Chem. 261. 1904- 1908 
Sarkar, D., Erlichman. J. and Rubin, C. S. (1984) 
J. Biol. Chem. 259,9840-9846 
Scott, J. D. and Carr, D. W. (1992) News Physiol. Sci. 
7,143-148 
Scott, J. D. and McCartney, S. (1994) Mol. 
Endocrinol. 8,s- 1 1 
Lohmann, S. M., DeCamili, P., Enig, I. and Walter, U. 
(1984) Proc. Natl. Acad. Sci. U.S.A. 81.6723-6727 
Can, D. W. and Scott, J. D. (1992) Trends Biochem. 
Sci. 17,246-249 
Scott, J. D., Stofko, RE., McDonald, J. K., Comer, J. I)., 
Vitalis, E. A. and Mangili, J. (1 990) J. Biol. Chem. 235, 
21561-21566 
Scott, J. D. (1991) Pharmacol. Ther. 50, 123-145 
Luo, Z., Shafit-Zagardo, B. and Erlichman, J. (1990) 
J. Biol. Chem. 265,21804-21810 
Scott, J. D., Glaccum, M. B., Zoller, M. J. et al. (1987) 
[’roc. Natl. Acad. Sci. U.S.A. 84, 5 192-5 196 

595 

I995 



Biochemical Society Transactions 

596 

23 Hausken, Z. E., Coghlan, V. M., Hasting, C. A. S., 
Reimann, E. M. and Scott, J. D. (1994) J. Biol. Chem. 
269,24245-2425 1 

24 Carr, D. W., Stofko-Hahn, R. E., Fraser, I. D. C. et al. 
(1991) J. Biol. Chem. 266, 14188-14192 

25 Carr, D. W., Hausken, Z. E., Fraser, I. D. C., Stofko- 
Hahn, R. E. and Scott, J. D. (1992) J. Bioi. Chem. 267, 
13376-1 3382 

26 Carr, D. W., Stofko-Hahn, R. E., Fraser, I. D. C., 
Cone, R. D. and Scott, J. D. (1992) J. Biol. Chem. 24, 

27 Coghlan, V. M., Langeberg, L. K., Fernandez, A., 
Lamb, N. J. C. and Scott, J. D. (1994) J. Biol. Chem. 
269,7658-7d665 

28 McCartney, S., Little, B. M., Langeberg, L. K. and 
Scott, J. D. (1995) J. Biol. Chem. 270,9327-9333 

29 Greengard, P., Jen, J., Nairn, A. C. and Stevens, C. F. 
(1991) Science 253,1135-1138 

30 Klauck, T. and Scott, J. D. (1995) Cell. Signalling, in 
the press 

31 Wang, L. Y., Salter, M. W. and MacDonald, J. F. 
(1991) Science 253, 1.132-1 134 

32 Rosenmund, C., Carr, D. W., Bergeson, S. E., Nilaver, 

16816-16823 

G., Scott, J. D. and Westbrook, G. L. (1994) Nature 
(London) 368,853-856 

33 Scott, J. D., Fischer, E. H., DeMaille, J. G. and Krebs, 
E. G. (1985) Proc. Natl. Acad. Sci. U.S.A. 82, 
4379-4383 

34 Scott, J. D., Glaccum, M. B., Fischer, E. H. and Krebs, 
E. G. (1986) Proc. Natl. Acad. Sci. USA. 83, 1613- 
1616 . 

35 Johnson, B. D., Scheuer, T. and Catterall, W. A. 
(1 994) Proc. Natl. Acad. Sci. USA. 91, 1 1492- 1 1946 

36 Hubbard, M. and Cohen, P. (1993) Trends Biochem. 
Sci. 81,172-177 

37 Coghlan, V. M., Bergeson, S. E., Langeberg, L., 
Nilaver, G. and Scott, J. D. (1993) Mol. Cell. Biochem. 

38 Durfee, T., Becher, K., Chen, P. L. et al. (1993) Genes 

39 Coghlan, V., Perrino, B. A., Howard, M. et al. (1995), 

40 Hathaway, D. R., Adelstein, R. S. and Klee, C. B. 

127,309-319 

Dev. 7,555-567 

Science 267,108- 1 1 1 

(1981) J. Biol. Chem. 256,8183-8187 

Received 2 March 1995 

Interaction of protein kinase C with RACKI, a receptor for activated C-kinase: 
a role in /!? protein kinase C mediated signal transduction 
D. Mochly-Rosen,* B. L. Smith,t C.-H. Chen,* M.-H. Disatnikt and D. Ron§ 

*Departments of Molecular Pharmacology and +Biochemistry, School of Medicine, Stanford University, Stanford, 
California 94305-5332, U.S.A. 

Introduction 
Protein kinase C (PKC) isoenzymes translocated 
from the cell soluble fraction to the cell particulate 
fraction after activation in vivo [ 13. Evidence from a 
number of laboratories, including our own, has 
demonstrated that the activated enzyme is asso- 
ciated with cytoskeletal proteins [2-71 and that, 
within the same cell, each activated isoenzyme is 
differentially localized after activation [S- 1 13. 
Several proteins were found to bind PKC in vitro 
[ 12- 171. However, a role for these binding proteins 
in PKC-mediated signal transduction has been 

Abbreviations used: PKC, protein kinase C; cPKC, con- 
ventional PKC; RACK, receptor for activated C-kinase; 
WD40,40 amino acid repeat sequence. 
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shown only for one group of proteins, which we 
have termed receptors for activated C-kinase 
(RACKs) [ 17-20]. This paper describes the results 
indicating that binding of PKC to RACKS is 
required for PKC-mediated signal transduction. 

RACKs are intracellular receptor 
proteins that bind activated PKC 
Our recent studies suggest that translocation of 
PKC is due to binding of the activated enzyme to 
specific anchoring proteins, RACKs, at the cell 
particulate fraction [ 17-20]. These are proteins 
present in the cell particulate fraction that bind only 
activated PKC. Binding of PKC is specific for this 
kinase and is saturable [ 181. In addition, we found 
that PKC does not bind to RACKs via the substrate 
binding site; an excess of substrate peptide does not 
inhibit PKC binding to RACKs [18]. Moreover, 
PKC activity is not inhibited by RACKs. Indeed, 
substrate phosphorylation is increased in the 
presence of limiting concentrations of cofactors. On 
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