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?3. Heparinized bone marrow was obtained from normal 
volunteers who provided written informed consent to 
a protocol approved by the Deaconess Hospital in- 
stitutional Review Board. The low-density, adher- 
ence-depleted mononuclear cells were either seiect- 
ed by immunomagnetic beads (Dynal; Great Neck, 
NY) for CD34 expression (Amac) or not before seec- 
tion by ncubation at 37°C with 5% CO, for 7 days in 
iscove's modified Duibecco's medium (Gibco) con- 
taining 10% fetal calf serum (HyClone, Logan, UT) 
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Protein phoiphorylation is a primary means 
of mediating signal transduction events that 
control cellular processes. Accordingly, the 
activities of protein kinases and phospho- 
protein phosphatases are highly regulated. 
One level of regulation is reflected by re- 
striction of the subcellular distribution of 
several kinases and phosphatases by associ- 
ation with targeting proteins or subunits (1 ), 
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which promotes rapid and preferential mod- 
ulation of specific targets within a defined 
microenvirqnment in response to diffusible 
second,messengers. For example, the type I1 
PKA is targeted by association of its regula- 
tory subunit (RII) with AKAPs ( 2 ) ,  and 
disruption of this interaction in neurons af- 
fects the modulation of glutamate receptor 
channels (3). In accordance with the target- 
ing subunit hypothesis, AKAPs associate 
with other cellular components to adapt the 
kinase for specific roles; however, these ad- 
ditional protein-protein interactions are 
poorly understood. 

T o  identify AKAP-binding proteins, we 

supplemented wlth ( I  00 ng/ml) KL and ( I  00 ng/ml) 
iL-3 w~th or without 5-FU (0.6 mg/ml) (Solo Pack, Elk 
Grove Village, IL). 
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and 10 pI of 1 mM HO-33342 (HO; Sigma) was 
added and the cells were incubated for another 30 
min on ice. HO and Pi fluorescence were analyzed 
with an EPICS 750 series flow cytometer (Couter 
Electronics, Hialeah, FL). Fluorescence was excited 
by a 5-W argon ion laser generating 40 mW of light at 
351 to 363 nm. HO emisson was detected through 
a 450-nm band-pass filter. PI emission was detected 
through a 610-nm long-pass filter. Fluorescence 
from each dye was directed to the appropriate de- 
tectors with a 560-nm short-pass dlchroic filter. 
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used the yeast two-hybrid system (4) to iso- 
late colnplementary DNAs (cDNAs) that 
encode proteins that associate with 
AKAP79, a human neuronal anchor protein 
(5, 6). One positive clone, termed 11.1, 
contained cDNA for a Inurine P isoforln of 
the -CaN A subunit (7). Control experi- 
ments with dihybrid crosses showed that 
CaN specifically interacted with AKAP79; 
matings of yeast containing CaN cDNA 
with those expressing Gal4 fusions of RII, 
casein kinase 1, or phosphodiesterase, or the 
Gal4 DNA-binding domain alone (pASl) ,  
were negative (Fig. 1). The two-hybrid sys- 
tem also positively identified interactions 
between RII and itself (dimerization) and 
between RII and AKAPs 79 or Ht31 (8) 
(Fig. 1). These observations provide evi- 
dence for association of AKAP79 with CaN 
and, because AKAP79 also binds RII, sug- 
gest the occurrence of a ternary complex 
between type I1 PKA, AKAP79, and CaN. 

We  used biochemical methods to exam- 
ine whether PKA and CaN are associated 
in mammalian brain. Calmodulin-binding 
proteins were isolated from bovine brain 
extracts by affinity chromatography, and 
CaN was immunoprecipitated with affinity- 
purified antibodies to the CaN A subunit 
(9). Immunoprecipitates were incubated 
with CAMP, and the resulting eluate was 
assayed for PKA activity by addition of 
adenosine triphosphate (ATP) and kemp- 
tide substrate. The specific activity of pro- 
tein kinase was increased by purification of 
a 30 to 60% saturated ammonium sulfate 
fraction of the extract on calmodulin-aga- 
rose (28 2 6-fold; mean i: SD, n = 3 )  and 
by imlnunoprecipitation with specific anti- 
bodies to CaN (123 i: 3.6-fold) (Fig. 2A). 
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All of the protein kinase activity in the 
immunoprecipitate was inhibited by PKA 
inhibitor peptide (PKI), a specific inhibitor 
of PKA, indicating that the catalytic sub- 
unit of PKA was a component of the iso- 
lated complex. If the catalytic subunit asso- 
ciates with CaN by means of AKAP75 (the 
bovine homolog of AKAP79) (1 O), then 
both RII and AKAP75 should also be 
present in the precipitated complex. In- 
deed, proteins corresponding in size to RII 
and AKAP75 (both substrates for the cata- 
lytic subunit) were present in the immuno- 
precipitate and were phosphorylated on ad- 
dition of cAMP and [T-~~PIATP (Fig. 2B). 
Coimmunoprecipitation of AKAP75 was 
confirmed by analysis of protein blots with 
a 32P-labeled RII overlay method (Fig. 2C) 
(I I). In complementary experiments, R 
subunits of PKA were isolated from extracts 
of bovine brain by affinity chromatography 
on CAMP-agarose (9). A proportion of the 
CaN present in the extract copurified with 
R subunits and was eluted from the affinity 
matrix with CAMP (Fig. 2, D and E). Be- 
cause recombinant CaN did not bind to 
CAMP-agarose, the phosphatase must have 
been purified as part of a ternary complex 
with the AKAP and R subunit. Analysis by 
RII overlay showed that AKAP75 was also 
present in the fraction eluted from the 
CAMP-agarose by CAMP (Fig. 2F). The 
binding of CaN to CAMP-agarose was me- 
diated by AKAP75: Specific displacement 

Fig. 1. Interaction of CaN with AKAP79 in yeast. 
Complementary DNA encoding CaN $ (amino 
acids 10 to 525) was obtained by screening a 
cDNA library with the yeast two-hybrid system (4) 
in an attempt to identify clones encoding proteins 
that interact with AW79. Test crosses are 
shown for yeast dihybrid matings (MATa x MATa) 
in which association of expressed proteins results 
in the expression of a p-galactosidase reporter 
gene (indicated in black). Interactions of AKAP79 
with either RII or CaN were identified as positive. 
Also identified were control interactions of RII with 
itself (dimerization) and between RII and the hu- 
man thyroid AKAP Ht31 (12). CK1, casein kinase 
1 : PDE, phosphodiesterase. 

of AKAP75 from RII bound to the affinity 
column with a PKA anchoring inhibitor 
peptide, Ht3 l(493-5 15) (1 2), also eluted 
CaN (Fig. 2, G and H), whereas RII re- 
mained associated with the affinity column 
and was subsequently eluted with cAMP 
(Fig. 21). These results demonstrate simul- 
taneous association of CaN and PKA with 
the AKAP. Formation of this ternary com- 
plex may account for the previous observa- 
tion that CaN copurifies with PKA and an 
unidentified 75-kD protein (13). From the 
amounts of protein recovered, we estimate 
that -5% of the total CaN present in the 
brain lysate was purified with the AKAP75- 
RII complex (1 4). Given that CaN is abun- 

dant in brain, representing up to 1% of total 
protein (15), the fraction associated with 
the AKAP and PKA should represent a 
significant amount of phosphatase activity. 
However, we did not detect phosphatase 
activity in the complexes eluted from 
CAMP-agarose with either CAMP or the 
Ht3 l(493-5 15) peptide, indicating that the 
purified CaN was destabilized or otherwise 
inactivated (1 6). 

The binding of both PKA and CaN to 
AKAP79 implies that the AKAP contains 
distinct sites for kinase and phosphatase 
binding. Residues 388 to 409 of AKAP79 
represent the PKA-binding site (5, 12). 
Residues 88 to 102 of AKAP79 were con- 

66 - 
66 - 0 

I - +CaNA - 21 

CaN B+ 
45 - 

-14 45- 

Fig. 2 Copurification of CaN and PKA from brain. (A to C) CaN was purified from bovine brain by affinity 
chromatography with calmodulin-agarose and immunoprecipitation with affinity-purified antibodies to 
CaN A (9). (A) Specific activity of kinase in the 30 to 60% ammonium sulfate fraction (AS), after elution from 
calmodulin-agarose (Cam-agar), and after elution of the immunoprecipitate with CAMP (IP); activity was 
measured in the Dresence (+I or absence I-) of PKA PKI. Values are means + SD. (W Autoradioara~h 
of an SDS polyac&amide gel showing phospholylated in the immunoprecipit~t~ by endog&&s 
PKA. The miaration wsitions of molecular sue markers (in kilodaltons) and of Dhos~hofvlated RII and 
AKAP75 are;ndicat&. (C) 32P-Rll overlay detection of AKAP~~ in the immunopr&ipit&e. (D to I) In 
complementary experiments, R subunits of PKA were purified from crude extracts of bovine brain by 
affinity chromatography with CAMP-agarose. Protein immunoblots were probed with affinity-purified 
antibodies to the CaN A subunit (D), with a monoclonal antibody (UBI) to the CaN B subunit (E), or with 
32P-labeled Rlla to detect AKAPs (F). Similar experiments were performed with Ht31(493-515) peptide to 
speciiically displace A W s  from the CAMP affinity column. Protein blots were probed with antibodies to 
CaN A (G), 32P-Rll (H), or antibodies to RII (I). Positions of molecular sue markers are indicated in 
kilodaltons. Extract and flow-through lanes each contained 50 pg of protein. All other lanes (including 
peptide elution) contained 25 ng of protein, except CAMP elution lanes in (D) through (F), which contained 
25 pg of total protein (mostly R subunit). 
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sidered likely to constitute the CaN-bind- 
ing site because of similarity to a region of 
the immunophilin FKBP-12 that contains 
determinants for CaN association (Fig. 3A) 
(1 7). Binding of FKBP- 12 to CaN is depen- 
dent on the immunosuppressant drug 
FK506 and results in inhibition of the phos- 
phatase (18). Given that CaN was inactive 

when isolated as a complex with the 
AKAP, we examined the effects of recom- 
binant AKAP79 on CaN phosphatase ac- 
tivity (19). AKAP79 inhibited the activity 
of both full-length CaN (which is depen- 
dent on Ca2+ and calmodulin) and a trun- 
cated, constitutively active form of CaN, 
CaN420 (which is not dependent on Ca2+ 

PKA-binding site 

E S S K Q - Q K P F K  
D S S R ~ N K P F K  

Fig. 3. Inhibition of CaN by AKAP79. (A) Sequence comparison of sites within AKAP79, AKAP75, and 
bovine FKBP-12. Abbreviations for the amino acid residues are D, Asp; E, Glu; F, Phe; G, Gly; K, Lys; L, 
Leu; N, Asn; P, Pro; Q, Gln; R, Arg; and S, Ser. Amino acid numbers are indicated. Boxed areas indicate 
similar sequences. (6) Lineweaver-Burk plot of phosphatase activity of CaN (circles) and CaN,,, 
(squares) measured in the absence (open symbols) or presence (filled symbols) of recombinant AKAP79. 
(C) Dose-response curves of CaN (filled circles) and CaN,, (filled squares) phosphatase activity in the 
presence of AKAP79(81-102) inhibitor peptide. A control peptide corresponding to the RII-binding site of 
Ht31 (12) did not inhibit CaN (open circles). The AKAP79 peptide did not inhibit protein phosphatases 1 
(open diamonds) or 2A (crosses). Values in (B) and (C) are means + SD. 

Fig. 4. Colocalization of RII and CaN. Indirect immunofluorescence was used to detect RII and CaN in 
cultured rat hippocampal neurons. (A) Staining pattem for RII (green) obtained with affinity-purified 
antibodies to RII (1 :I000 dilution). (6) Staining pattem for CaN (red) in the same cell with antibodies 
specific for the CaN A subunit (1 :I000 dilution). (C) Double-staining for CaN and RII displayed by 
superimposing the images shown in (A) and (B). Magnification, x500. 

and calmodulin), in a noncompetitive man- 
ner [inhibition constant (K,), 4.2 ? 18 pM; 
n = 3) with respect to the phosphorylated 
RII substrate peptide (Fig. 3B) (20). Fur- 
thermore, a synthetic peptide correspond- 
ing to AKAP79 residues 81 to 102 inhibited 
both forms of CaN, whereas the Ht3 l(493- 
515) peptide did not inhibit CaN (Fig. 3C). 
The observed inhibition by the AKAP79 
peptide was specific for calcineurin; the 
peptide did not affect the activity of protein 
phosphatases 1 or 2A at peptide concentra- 
tions as high as 0.4 mM. Although the 
CaN-binding sites on AKAP79 and FKBP- 
12 are similar, their differences may have 
functional relevance: FK506 (2 pM) did 
not affect the potency of inhibition by 
AKAP79, and recombinant AKAP79 did 
not display petidyl prolyl isomerase activity 
toward a fluorescent peptide substrate (21, 
22). These data suggest that CaN is local- 
ized by AKAP79 in its inactive state in a 
manner analogous to that of the PKA ho- 
loenzyme. Whereas PKA is activated as a 
result of interaction with CAMP, regulation 
of the association of CaN with AKAP79 is 
likely to involve multiple factors. Our ob- 
servation that AKAP79 inhibited the phos- 
phatase both in the absence and presence of 
both Ca2+ and calmodulin is not consistent 
with a simple model in which the binding 
of Ca2+ and calmodulin dissociates CaN 
from the AKAP. 

The subcellular location of many protein 
kinases and protein phosphatases is defined 
by association with targeting subunits (I) .  
Our results show that AKAP79 serves a 
bifunctional role in localizing both PKA 
and CaN. The presence of AKAP79 ho- 
mologs in bovine, porcine, rabbit, and mu- 
rine brain (10, 23) indicates that colocal- 
ization of CaN with PKA may be a wide- 
spread phenomenon that adapts neurons for 
specific signal transduction events. We used 
immunocytochemical methods to examine 
the subcellular distribution of CaN and type 
I1 PKA in cultured rat hippocampal neu- 
rons (24). CaN (Fig. 4A) and RII (Fig. 4B) 
staining was regionally dispersed through- 
out the cell, an observation consistent with 
the role of these abundant proteins in var- 
ious cellular processes (25). There were, 
however, distinct regions where the distri- 
bution of RII and CaN overlapped, and 
these regions were primarily confined to 
neurites (Fig. 4C). These observations are 
consistent with colocalization of limited 
amounts of CaN and type I1 PKA by the 
AKAP, and they suggest a role for the 
ternary complex in regulating synaptic 
transmission. This hypothesis is supported 
by studies showing that RII and AKAP 
colocalize in neurites (3) and that AKAP79 
(5), type I1 PKA (26), and CaN (27) are 
components of postsynaptic densities. Po- 
tential substrates for the localized ternary 
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transduction complex are likely to include 
synaptic receptor-channel proteins, such as 
a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionic acid (AMPA)-kainate-sensitive 
glutamate receptors, which are modulated 
by AKAP-targeted PKA (3). 
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