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Densin-180 Forms a Ternary Complex with the a-Subunit of
Ca?*/Calmodulin-Dependent Protein Kinase Il and a-Actinin
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Densin-180 is a transmembrane protein that is tightly associ-
ated with the postsynaptic density in CNS neurons and is
postulated to function as a synaptic adhesion molecule. Here
we report the identification of the a-subunit of Ca?*/
calmodulin-dependent protein kinase Il (CaMKIl) and
a-actinin-4 as potential binding partners for the densin-180
intracellular segment. We demonstrate by yeast two-hybrid and
biochemical assays that the intracellular portion of densin-180,
the a-subunit of CaMKIl (CaMKll«a), and a-actinin interact with
each other at distinct binding sites and can form a ternary
complex stabilized by multiple interactions. Densin-180 binds
specifically to the association domain of CaMKIlla and does not
bind with high affinity to holoenzymes of CaMKIl that contain
B-subunit. The PDZ (PSD-95, Dlg, Z0-1) domain of densin

contributes to its binding to «-actinin. A distinct domain of
a-actinin interacts with the kinase domains of both «- and
B-subunits of CaMKIl. Autophosphorylation of CaMKIl in-
creases its affinity for densin-180 from an EC, of >1 um to an
ECg, of <75-150 nM. In contrast, phosphorylation of densin-
180 by CaMKIl at serine-1397 only slightly decreases its affinity
for CaMKII. The specific interaction of densin-180 with holoen-
zymes of CaMKIl containing only a-subunit and the increased
affinity of CaMKII for densin-180 after autophosphorylation
suggest that densin-180 may be involved in localization of
activated CaMKII synthesized in dendrites.

Key words: postsynaptic density; synaptic plasticity; protein
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The postsynaptic density (PSD) in glutamatergic synapses con-
tains a highly ordered array of proteins that initiate and modulate
signal transduction in the postsynaptic neuron (Kennedy, 1997,
1998). Although many of the proteins assembled at the PSD have
been identified (Husi et al., 2000; Walikonis et al., 2000), the
physical and functional interactions among these proteins are
only beginning to be deciphered. Densin-180 (hereafter referred
to as densin) is the founding member of a newly described family
of proteins termed the LAP [leucine-rich repeat (LRR) and PDZ
(PSD-95, DIg, Z0-1)] family, characterized by an LRR near the N
terminus and one or more PDZ domains at the C terminus
(Bilder et al., 2000). Other members of the LAP family, which
include LET-413, scribble, and ERBIN (Bilder and Perrimon,
2000; Borg et al., 2000; Legouis et al., 2000), are associated with
cell membranes at specialized domains. They play essential roles
in sorting of membrane proteins to their appropriate location and
in organizing signaling and structural proteins at cellular
junctions.

Unlike the other LAP proteins, which are cytosolic membrane-
associated proteins, densin is a transmembrane glycoprotein (Ap-
person et al., 1996). Its domain structure suggests that the N
terminal 137 kDa, containing the LRR, and a sialylated mucin-
homology region are extracellular, whereas the C terminal 27.4
kDa, comprising a 17.5 kDa membrane proximal region and a 9.9
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kDa PDZ domain, are intracellular. We recently confirmed that
densin spans the membrane when it is expressed recombinantly in
heterologous cells (C.-J. Jeng and M. B. Kennedy, unpublished
observations). In its transmembrane domain structure, densin
resembles the platelet adhesion molecule GPIba, which contains
extracellular LRRs that bind von Willebrand factor, and a short
intracellular actin-binding domain (Apperson et al., 1996). The
full range of functions that densin performs in the spine and PSD
is not yet clear. The results presented here suggest a role in
organizing both structural and signaling systems.

To gain insight into the functions of densin, we have used the
yeast two-hybrid method to screen for proteins that interact with
its putative cytosolic region. Here we show that the cytosolic
domain can form a ternary complex with Ca?*/calmodulin-
dependent protein kinase II (CaMKII) and a-actinin, both of
which are enriched in spines and associated with the PSD
(Kennedy et al., 1990; Wyszynski et al., 1998). The binding of
densin to CaMKII, both in vitro and in synaptosomes, is selective
for holoenzymes composed only of a-subunits. These data sug-
gest that densin may be important for localization, and/or trans-
location to the PSD (Shen and Meyer, 1999) of CaMKII holoen-
zymes synthesized in dendrites (Ouyang et al., 1999) after
activation of synaptic NMDA receptors in hippocampal neurons.
Dendritically synthesized holoenzymes are likely composed pri-
marily of a-subunits (Burgin et al., 1990).

MATERIALS AND METHODS

Yeast two-hybrid screen. A yeast two-hybrid screen was performed in yeast
strain Y190 containing HIS3 and B-galactosidase (B-gal) reporter genes
under the control of the GALL1 activating sequence. The cDNA encoding
the putative intracellular region of densin (densin(intra); amino acids
1249-1495) (Apperson et al., 1996) was inserted into pAS2-1 for expres-
sion as a fusion with the GAL4 DNA-binding domain (Clontech, Palo
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Alto, CA). A human brain ¢cDNA library inserted into pACT2 (Clon-
tech), a vector encoding the GAL4 activation domain, was screened for
expression of proteins that interact with the intracellular region of
densin.

The pAS2-1:densin(intra) construct and the brain ¢cDNA library in
pACT were sequentially transformed into yeast by the lithium acetate
method (Gietz and Schiestl, 1995). Interaction was assessed by growth on
His medium and by expression of B-galactosidase according to the
Clontech manual. Specificity of interaction was tested by the mating
assay as described in the Clontech manual. Plasmids were isolated from
yeast with the EZ Yeast Plasmid Miniprep kit according to the manu-
facturer’s instructions (Geno Technology, St. Louis, MO).

Delineation of binding domains by yeast two-hybrid assay. Truncation
mutants of cDNA inserts were generated by restriction digest or by PCR
and subcloned into pACT2 or pAS2-1. PCR was conducted in buffer
supplied with Taq polymerase (Life Technologies, Grand Island, NY) or
with Vent polymerase (New England Biolabs, Beverly, MA), as appro-
priate, with the addition of 50 uM sense and antisense primers, 2 mm
deoxynucleoside 5'-triphosphates, 2.5 U of Tag or Vent, and 4 ng/ul
cDNA. The sequences of all cDNA constructs were verified by restriction
mapping and sequencing. Regions of the a-actinin-4 cDNA amplified by
PCR include those encoding residues 464—806, 464—834, 464—871, 835—
879, and 835-871. A cDNA encoding residues 633-879 was made by
digesting clone 1J12 with BamHI and Xhol. Another cDNA encoding
residues 872-879 was made by synthesizing sense and antisense DNA
strands that encode these eight amino acids. Each cDNA was inserted into
pACT2.

The cDNAs encoding kinase and association domains of the o- and
B-subunits of CaMKII were inserted into either pAS2-1 or pACT2.
c¢DNAs encoding the kinase domain (residues 1-316) and the association
domain (residues 314-478) of CaMKIla were generated by PCR and
inserted into pAS2-1. Similarly, cDNAs encoding the kinase domain
(residues 1-316) and the association domain (residues 315-542) of
CaMKIIB were amplified and ligated into both pAS2-1 and pACT2. The
cDNA encoding the entire CaMKIIB was inserted into pAS2-1.

For tests of interaction by expression of B-galactosidase, we judged
colonies that turned blue in 1 hr to contain strongly interacting proteins
and colonies that turned blue within 8 hr to contain weakly interacting
proteins. For tests of interaction by expression of HIS3, we judged yeast
colonies that appeared on His— plates within 2 d to contain strongly
interacting proteins and those that appeared within 3-5 d to contain
weakly interacting proteins. Constructs encoding a PDZ domain as a
fusion with the DNA-binding domain would often weakly autoactivate
B-galactosidase expression but not HIS3 expression. Therefore, interac-
tions with proteins that contain a PDZ domain fused to the DNA-
binding domain were judged by growth on His— plates.

Construction and expression of fusion proteins. cDNAs encoding three
intracellular regions of densin were inserted into pGEX vectors and
expressed in Escherichia coli to form fusion proteins with glutathione-S-
transferase (GST). A fusion protein containing the entire intracellular
domain of densin (residues 1249-1495) was made by inserting the cDNA
encoding this region into pGEX-5X-1; a cDNA encoding the membrane
proximal region of densin (residues 1266-1423) was inserted into pGEX-
2T. A cDNA encoding residues 1374-1495, encoding the PDZ domain,
was inserted into pGEX-2T as described previously (Apperson et al.,
1996). We term these fusion proteins GST:densin(intra), GST:densin-
(prox), and GST:densin(PDZ), respectively. A cDNA encoding residues
638—-879 of a-actinin was inserted into pGEX-5X-2. The proper orien-
tation of insertion for each construct was verified by restriction mapping
and sequencing. Fusion proteins were expressed in E. coli DH5« and
purified as described previously (Omkumar et al., 1996).

A His:a-actinin-4 fusion protein was generated by inserting the cDNA
encoding residues 638-879 of a-actinin-4 into the pET28c vector (No-
vagen, Madison, WI). Expression of the fusion protein was induced in E.
coli BL21 (DE3) according to the instructions supplied with the vector.
Fusion proteins were harvested and absorbed onto beads substituted with
Ni-nitrilotriacetic acid (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions. A portion of the washed beads with bound fusion
protein was removed and stored. The His:actinin(COOH) fusion protein
was eluted from the remaining beads with elution buffer (in mm: 50
NaH,PO,, pH 8.0, 300 NaCl, and 250 imidazole).

Preparation of synaptosome and PSD fractions. A synaptosome fraction
and a “One-Triton” PSD fraction were prepared from rat forebrain as
described previously (Carlin et al., 1980; Cho et al., 1992). Synaptosomes
were purified from forebrain homogenates by differential and density
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gradient centrifugation and then extracted with 0.5% Triton X-100 for 15
min to form the One-Triton PSD fraction. Protein concentrations were
determined by a modified method of Lowry (Peterson, 1983).

Immunoblots. Proteins were separated by SDS-PAGE under reducing
conditions and electrophoretically transferred to nitrocellulose mem-
branes. The membranes were blocked at least 2 hr in 5% nonfat milk in
TBST (10 mMm Tris, pH 7.5, 200 mMm NaCl, and 0.2% Tween 20) followed
by incubation with primary antibodies. Antibodies against CaMKII
included mouse monoclonal antibody 6G9, which recognizes CaM KIla
(diluted 1:5000), rabbit antiserum Darlene (1:5000), which recognizes
nonphosphorylated a- and B-subunits of CaMKII, and rabbit antiserum
Darcy (1:500), which recognizes CaMKIIB. Antibodies against densin
included M3 or CT245 (Apperson et al., 1996), diluted 1:2500 and 1:5000,
respectively. PSD-95 was detected with rabbit antiserum Frances against
recombinant PSD-95. Anti-GST rabbit antiserum (1:3500) was purchased
from Sigma (St. Louis, MO) and anti-T7 mouse monoclonal antibody
(1:10,000) was obtained from Novagen. Bound antibodies were detected
by the alkaline phosphatase method with reagents purchased from
Boehringer Mannheim (Indianapolis, IN), or by chemiluminescense with
reagents purchased from Pierce (Rockford, IL), according to the manu-
facturer’s instructions.

Phosphorylation reactions. CaMKII (12 pg) was autophosphorylated
by incubation in 100 ul of phosphorylation mix (50 mm Tris, pH 8.0, 0.7
mMm CaCl,, 0.4 mm EGTA, 10 mm MgCl,, 10 mm dithiothreitol, 100 um
ATP, 0.2 nm to 4 pum calmodulin, and 1 mg/ml BSA). The mix was
prewarmed to 30°C for 5 min. CaMKII was added, and the solution was
incubated for 5 min. Control reactions in which CaMKII was not
phosphorylated contained the same reagents, except that CaCl, and
calmodulin were omitted. Reactions were stopped by addition of 4 ul of
500 mm EDTA and placed on ice.

Phosphorylation of fusion proteins was conducted as described previ-
ously (Miller et al., 1988; Omkumar et al., 1996). Phosphorylation reac-
tions contained 0.25-7.4 um GST fusion proteins in the phosphorylation
mix described above with 100 uM [y->*P]JATP (1000 cpm/pmol) in a final
volume of 100 wl. The mixtures were preincubated at 30°C for 3 min,
after which 40 ng of rat brain CaMKII was added. Phosphorylation was
terminated at indicated times by the addition of SDS-PAGE sample
buffer, and the sample was boiled for 3 min. Twenty microliters of each
sample was fractionated by SDS-PAGE, the gels were stained with
Coomassie blue, and radioactive bands were identified by autoradiogra-
phy. The radioactive bands were cut from the gel, and their content of
[y-**P]PO, was quantified by detection of Cerenkov radiation in a Beck-
man LS 7800 scintillation counter (Beckman Coulter, Fullerton, CA).

Measurement of binding specificity for CaMKII by pull-down assay.
GST:a-actinin, GST:densin(intra), and GST were cross-linked to
glutathione-coated agarose beads with dimethylpimelimidate (DMP)
(Harlow and Lane, 1988). The beads containing bound fusion proteins
were washed twice with 10 volumes of 0.2 M sodium borate, pH 9.0, and
suspended in 10 volumes of the same solution. DM P was added to a final
concentration of 20 mm, and the suspension was rotated for 30 min at
room temperature. The beads were washed with 0.2 M ethanolamine, pH
8.0, and then incubated in the same solution for 2 hr at room tempera-
ture. The cross-linked beads were washed in 0.02 M Na phosphate buffer,
pH 7.4, 0.15 m NaCl (B-buffer). After examining the content of fusion
protein remaining in the supernatant, we estimated that the beads
contained ~1 pg of fusion protein per microliter of beads.

To study the specificity of binding of nonphosphorylated CaMKII, rat
forebrain CaMKII (12 ug), purified from rat forebrain as described
previously (Miller and Kennedy, 1985), was diluted to 0.4 mg/ml in
B-buffer and mixed with 20 ul of a 1:1 suspension of beads containing
cross-linked GST:actinin, GST:densin, or GST. Parallel experiments
were performed to study the specificity of binding of autophosphorylated
CaMKII. CaMKII (36 ug) was autophosphorylated for 5 min in 120 ul
of reaction mix as described above. After autophosphorylation, 40 ul of
the mix, containing 12 pg of CaMKII, was mixed with 20 ul of a 1:1
suspension of beads containing cross-linked GST:actinin, GST:densin, or
GST, and 40 ul of 2X B-buffer. The suspensions were rotated for 1 hr at
room temperature, washed twice in B-buffer containing 0.1% Triton
X-100, and washed once in B-buffer. Bound protein was eluted by boiling
the beads in SDS-PAGE sample buffer. The eluted proteins were frac-
tionated by SDS-PAGE and transferred to a nitrocellulose membrane.
Nonphosphorylated CaMKII was detected by immunoblot with the
antiserum Darlene, which recognizes the nonphosphorylated form of «
and B CaMKII. Phosphorylated CaMKII was detected by immunoblot
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with a mixture of antibody 6G9 and the antiserum Darcy, which recog-
nize the a- and B-subunits of CaMKII, respectively.

Membrane overlay assays. GST:densin(intra), GST:densin(prox), GST:
densin(PDZ), and GST were separated by SDS-PAGE and transferred to
a nitrocellulose membrane. Approximately 2.5 pg of the major band of
each fusion protein was loaded in each lane. The membrane was blocked
by incubation in 5% nonfat dry milk in TBST for 2 hr. Purified forebrain
CaMKII was autophosphorylated, diluted in TBST to a concentration of
10 pg/ml, and incubated with the membrane for 15 hr at room temperature.
The membrane was washed three times in TBST and subsequently incu-
bated with antibody 6G9 against CaM K1l« for 3 hr. Bound antibodies were
detected by the alkaline phosphatase method (Harlow and Lane, 1988).

To test the effect of autophosphorylation of CaMKII and phosphor-
ylation of densin on the affinity of binding between them, GST:densin-
(intra) (50 pg) or GST (50 pg) was phosphorylated by CaMKII in the
phosphorylation mix described above with or without CaCl, and calmod-
ulin. The solution was prewarmed for 5 min at 30°C, 3 pug of CaMKII was
added, and the solution was incubated for another 15 min. Reaction was
stopped by the addition of 4 ul of EDTA. Glutathione-conjugated aga-
rose beads were added to the mix, and the slurry was rotated end-over-
end for 20 min. The supernatant was removed, and the beads were
washed once in TBS (50 mm Tris, pH 8.0, and 150 mm NaCl), twice in
TBS plus 0.1% Triton X-100, and twice in TBS. Bound GST fusion
proteins were stripped from the beads by addition of SDS-PAGE sample
buffer, followed by boiling. The proteins were fractionated by SDS-
PAGE and transferred to a nitrocellulose membrane. In parallel exper-
iments, we demonstrated that ~40% of the GST fusion proteins were
recovered on beads, resulting in ~10 pg of protein in each lane of the gel.
The membrane was blocked in 5% milk in TBST for 2 hr. The membrane
was placed in a Decaprobe multilane screening apparatus (Hoefer, San
Francisco, CA). CaMKII was autophosphorylated as described above,
diluted to 10 ug/ml in TBST, and placed over individual lanes for 12 hr.
The membrane was washed in TBST, and CaMKII bound to the fusion
protein was detected by immunoblot with antibody 6G9.

The region of densin that binds to a-actinin was delineated in a
membrane overlay assay. His:a-actinin (8.5 ug/lane) was separated by
SDS-PAGE and transferred to a nitrocellulose membrane. Individual
lanes were overlaid with 10 pg/ml GST:densin(intra), GST:densin(PDZ),
GST:densin(prox), or GST in TBST. The membrane was incubated for
16 hr and washed three times with TBST. Bound GST:densin was
detected by immunoblot with antiserum against GST (Sigma).

Coimmunoprecipitation of densin and CaMKII. Synaptosomes were
solubilized in immunoprecipitation (IP) buffer (20 mm Tris-HCI, pH 7.5,
0.1 M NaCl, 4 mm KCI, 5§ mm CaCl,, 2.5 mm EDTA, 20 mm NaHCOg3,
and 2% Triton X-100) and incubated on ice for 1 hr. Insoluble material
was removed by brief centrifugation. Solubilized synaptosomal fractions
were incubated for 16 hr at 4°C with 60 ul of 50% (w/v) protein-A-
agarose (Pierce) previously loaded with M3 antibodies against densin
(Apperson et al., 1996) or mouse IgG. Beads were washed three times in
IP buffer and once with IP buffer without Triton X-100. The immune
complexes were eluted from the beads by boiling for 5 min in 30 ul of
SDS-PAGE sample buffer. Eluates were fractionated by electrophoresis
on 8% SDS-PAGE minigels. Immunoprecipitated proteins were detected
by immunoblot with antibody M3 against densin, antibody Darlene
against CaMKII, and antibody Frances against PSD-95.

Detection of formation of ternary complex. Glutathione-agarose beads
loaded with 10 pg of GST:densin(prox), GST:densin(PDZ), or GST were
incubated with 12 ug of CaMKII, 7.5 ug of His:actinin(COOH), or both
proteins in combination, in a total volume of 50 ul of B-buffer. The
solution was rotated for 2 hr at room temperature. The beads were
washed three times in B-buffer, suspended in SDS-PAGE sample buffer,
and boiled to elute bound proteins. Eluted proteins were fractionated by
SDS-PAGE and transferred to a nitrocellulose membrane. CaMKII was
detected by immunoblot with antibody 6G9, and His:actinin(COOH)
was detected by immunoblot with anti-T7 antibody.

Determination of phosphorylation site for CaMKII on densin. To identify
the CaMKII phosphorylation sites on densin, fusion proteins GST:
densin(PDZ) and GST:densin(intra) were exhaustively phosphorylated.
The GST:densin fusion proteins (50 ug) were added to a phosphoryla-
tion mix containing 100 um [y-**P]ATP (1000 cpm/pmol) and preincu-
bated for 15 min at 30°C. Rat forebrain kinase (1.2 ug) was added, and
incubation continued for 15 min, followed by the addition of another 1.5
g of kinase and incubation for an additional 15 min. The reaction was
terminated by bringing the solution to 20 mM EDTA. Glutathione-
conjugated agarose beads (100 ml, 50% w/v) were added, and the solution
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was rotated at 4° for 25 min. The beads were washed in 125 mMm Tris, pH
8.0, and suspended in 25 mM Tris, pH 8.9. Endoproteinase-Lys-C (0.5 ug)
(Wako Chemicals, Dallas, TX) was added, and the solution was incu-
bated at 30°C for 15 hr. A second aliquot of 0.5 pg of endoproteinase-
Lys-C was added, and digestion continued for another 4 hr. The reaction
was terminated by addition of 10% trifluoroacetate (TFA) to a final
concentration of 1%. Beads were pelleted by centrifugation, and the
supernatant was collected. The beads were washed twice with 50%
acetonitrile in 25 mM Tris, pH 8.9, and the washes were pooled with the
supernatant. The pooled solution was evaporated to dryness in a Speed-
Vac concentrator (Savant Instruments, Holbrook, NY).

HPLC fractionation of phosphopeptides. HPLC was conducted as de-
scribed previously (Omkumar et al., 1996). Lyophilized peptides were
resuspended in 0.1% TFA and fractionated by HPLC on a C18 reverse-
phase column (4.1 X 250 mm). The column was developed at 1 ml/min
with a gradient of 0-42% acetonitrile. Absorbance at 214 nm was
monitored, and 0.5 ml fractions were collected. Radioactivity in each
fraction was measured by detection of Cerenkov radiation.

Mass spectrometry. Fractions containing radiolabeled peptides were
analyzed by matrix-assisted laser desorption ionization, time-of-flight
(MALDI-TOF) mass spectrometry in both linear and reflector modes.
Peak fractions containing labeled peptides were concentrated and mixed
with a-cyano-4-hydroxycinnamic acid matrix solution, dried, and sub-
jected to MALDI-TOF mass spectrometric analysis. Amino acid se-
quencing was conducted at the Caltech Protein/Peptide Microanalytical
Laboratory with a model 476A automatic protein sequenator (Applied
Biosystems, Foster City, CA).

Phosphorylation of densin in the PSD fraction. To phosphorylate densin
in the PSD fraction, 500 ug of PSD fraction was added to the phosphor-
ylation mixture described above with 25 um [y-**PJATP at 10,000 cpm/
pmol. PSD proteins were phosphorylated for 5 min at 30°C. Densin was
immunoprecipitated from the reaction mix after diluting it in RIPA
buffer (50 mm Tris, pH 8.0, 150 mm NaCl, 1% NP-40, 0.5% deoxycholate,
and 0.1% SDS). Forty microliters of CT245 antibodies against densin
(Apperson et al., 1996) were added, and the solution was rotated end-
over-end overnight. Protein A-agarose beads (100 ul of a 1:1 suspension)
were added, and the mix was rotated for 2 hr. The beads were collected
and washed three times in RIPA buffer. Proteins were eluted by boiling
the beads in SDS-PAGE sample buffer and fractionated by SDS-PAGE.
Autoradiography of the dried gel revealed a single phosphorylated band of
180 kDa, which was cut from the gel and rehydrated in 25 mm Tris, pH 8.9.
Endoproteinase-Lys-C (0.5 ug) was added, and the mixture incubated for 4
hr at 30°C. A second aliquot of 0.5 ug of endoproteinase-Lys-C was added,
and incubation continued for 15 hr at 30°C. The reaction was terminated,
and the proteins were concentrated as described above.

Quantification of binding of CaMKII to GST:densin(intra). GST:densin-
(intra) (17 pg) was electrophoresed on a preparative slot SDS gel and
transferred to a polyvinylidene difluoride (PV DF) membrane. The mem-
brane was blocked for 2 hr in 5% nonfat milk in TBST and placed in a
Mini-Protean II multiscreen apparatus (Bio-Rad, Hercules, CA). Puri-
fied forebrain CaMKII (41 pg) was phosphorylated or added to phos-
phorylation mix without ATP (control nonphosphorylated) for 5 min in
750 wl of reaction mixture as described above. Portions of autophospho-
rylated or control nonphosphorylated kinase (0.01-27.5 ug) were diluted
to 500 wl volume in TBST buffer and incubated overnight at room
temperature with individual lanes in the multiscreen apparatus. The
membrane was washed three times for 15 min each with TBST, and
subsequently incubated for 4 hr with antibody 6G9, which recognizes
both phosphorylated and nonphosphorylated CaMKIle, as described
above. The membrane was washed three times for 15 min each in TBST,
and subsequently incubated for 1 hr with fluorescein-conjugated second-
ary antibody (Amersham Pharmacia Biotech, Piscataway, NJ) diluted
1:100 in TBST. After washing and drying, the membranes were scanned
with a Storm fluorescent imager (Molecular Dynamics, Sunnyvale, CA).
The resulting images were digitized and quantified with ImageQuant
software (Molecular Dynamics). ECs, values were calculated with Prism
statistical software (GraphPad, San Diego, CA).

RESULTS

CaMKIl interacts with the intracellular domain

of densin

We used the putative intracellular domain of densin as bait in a
yeast two-hybrid screen of ~450,000 clones of a human brain
cDNA library (Fig. 14). Interactions between the intracellular
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Figure 1. Diagram of bait construct and binding partners identified in a

yeast two-hybrid screen of a brain cDNA library. 4, Diagram of the bait
construct. The intracellular region of densin was inserted into yeast
PAS2-1 vector and used to screen a human brain cDNA library. Interact-
ing clones were identified by B-gal expression and growth of yeast on
His— plates as described in Materials and Methods. B, Binding partners
for densin identified in the yeast two-hybrid screen. The numbers in
parentheses indicate the number of identical copies of each cDNA isolated
in the screen. Both cDNAs encoding CaM K1l contain the entire open
reading frame, whereas the cDNAs encoding «-actinin-4 encode the
indicated amino acid residues.

region of densin and proteins expressed from the brain library
were detected by expression of B-gal and the HIS3 reporter gene
as described in Material and Methods. The screen yielded five
cDNA inserts representing three separate genes.

Three of the cDNA inserts encode subunits of human
CaMKII. Two identical 3.6 kb cDNAs encode the a-subunit (Fig.
1B) (Nagase et al., 1999). They contain 129 bp of 5" UTR, the
1434 bp coding region, and a 1532 bp 3’ UTR. CaMKIl« and
densin are both highly enriched in the PSD fraction and colocal-
ize in spines at excitatory synapses (Apperson et al., 1996). The
third insert encodes CaMKIIyg, which is 84% identical to
CaMKIla except for two inserts of 38 and 39 amino acids. The
vg subunit of CaM KII was originally identified in human islets of
Langerhans cells (Breen and Ashcroft, 1997). Its expression in
the brain has not been investigated. None of the selected cDNAs
contain stop codons between the sequence encoding the GAL4
activation domain and that encoding CaM KII.

After this work was presented in abstract and poster form
(Walikonis et al., 1999), and while this manuscript was being
prepared, Strack et al. (2000) published a study showing that
densin binds CaMKII in the PSD fraction.

a-Actinin interacts with the intracellular domain

of densin

The two remaining cDNA inserts are identical and encode the
COOH-terminal half of human «-actinin-4 (Fig. 1B). The
a-actinins are a family of closely related proteins that contain an
NH-terminal actin-binding domain, four spectrin-like repeats,
and two EF-hands near the COOH terminus. The sequences of
our inserts are contained in a splice variant of human a-actinin-4
(Honda et al., 1998), starting at bp 1478 and extending for ~2.3
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Figure 2. Interactions of a- and B-subunits of CaMKII with a-actinin

and densin in a yeast two-hybrid assay. The numbers to the left of each
construct indicate the encoded amino acid residues. 4, Interactions of
a-actinin with the a- and B-subunits of CaM KII. The cDNA encoding the
COOH-terminal region of a-actinin was inserted into pACT2 and tested
for interactions with the «- and B-subunits of CaMKII inserted into
pAS2-1. B, Interactions of densin with the a- and B-subunits of CaMKII.
The cDNA encoding the intracellular portion of densin was inserted into
pAS2-1, and the cDNA encoding the PDZ domain of densin was inserted
into pACT2. The encoded proteins were tested for interaction with the
CaMKII subunits inserted into pAS2-1 or pACT. Strong interaction or
no interaction is indicated by +++ or —, respectively.

kb. The encoded protein begins within the second spectrin-like
repeat and continues to the COOH terminus.

a-Actinin interacts with both the a- and B-subunits of
CaMKIl in the yeast two-hybrid assay

a-Actinin contains multiple protein-binding domains and inter-
acts with other proteins located in the PSD (Krupp et al., 1999).
Therefore, we tested whether the portion of a-actinin-4 encoded
by our cDNA interacts directly with the subunits of CaMKII in a
yeast two-hybrid assay, as described in Materials and Methods.
We found a strong interaction between both «- and B-subunits of
CaMKII and the C-terminal half of a-actinin-4 (Fig. 24).

Densin interacts only with the a-subunit of CaMKIl in
the yeast two-hybrid assay

We did not isolate any cDNAs encoding the B-subunit of
CaMKII in our screen of a human library for binding partners of
densin. Therefore, we tested whether CaMKIIB interacts with
the intracellular domain of densin in a yeast two-hybrid assay, as
described in Materials and Methods, and we found that it does
not (Fig. 2B). Thus, in contrast to a-actinin-4, densin interacts
with CaMKII« but not with CaMKIIB in this assay.

Identification of domains of interaction among densin,
CaMKIl, and a-actinin by yeast two-hybrid assay

The region of densin that binds to CaMKII was identified by
yeast two-hybrid assay. A cDNA encoding only the PDZ domain
of densin was inserted into the bait vector and tested for interac-
tion with CaM KIla. The PDZ domain did not bind to CaM K1l
(Fig. 2B), suggesting that the binding site on densin for
CaMKIle is in the region between the transmembrane domain
and the PDZ domain. The binding region was further delineated
by biochemical experiments (see below).

The regions of the CaMKII subunits that bind to densin and
a-actinin were identified by dividing the cDNAs encoding the
CaMKII subunits into portions encoding the kinase domain and
the association domain. Each of these domains were then tested
in a two-hybrid assay for binding to the intracellular region of
densin and to the C-terminal half of a-actinin (Fig. 34). The
kinase domains of both «a- and B-subunits of CaMKII bound to
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Figure 3. Identification of regions of interaction among densin,

CaMKII, and o-actinin by yeast two-hybrid assay. 4, Interaction of
regions of CaMKII with densin and a-actinin. The cDNAs encoding the
kinase or association domains of a- and B-subunits of CaMKII were
inserted into pAS2-1 or pACT2, and the encoded proteins were tested for
interactions with the intracellular portion of densin (inserted into
pAS2-1) and the COOH-terminal region of a-actinin (inserted into
pACT?2). Interaction or no interaction is denoted by ++ or —, respec-
tively. B, Interaction of regions of a-actinin with densin and CaMKII.
The cDNAs encoding the intracellular region of densin and the a-subunit
of CaMKII were each inserted into pAS2-1 and tested for interaction
with regions of a-actinin inserted into pACT?2. Strong interactions are
indicated by +++, weak interactions by +, and no interaction by —. ND,
not done. The numbers refer to the residues encoded by each cDNA. The
sequence of the COOH-terminal 8 residues of a-actinin is indicated by
single-letter abbreviation.

a-actinin-4. In contrast, the association domain of the a-subunit
bound to densin, whereas neither the kinase nor the association
domains of the B-subunit bound, consistent with the results of
assays with full-length CaMKIIB. Thus, a-actinin and densin
bind to distinct regions within CaMKII.

The regions of a-actinin that bind to densin and CaM KII were
identified by two-hybrid assay (Fig. 3B). Amino acids 464—879 of
a-actinin bind to the intracellular domain of densin. Deletion of
the COOH-terminal 45 residues (835-879) abolished binding,
whereas deletion of the COOH-terminal 8 residues reduced, but
did not abolish, binding. The COOH-terminal 45 residues alone
interact with densin, although more weakly than constructs con-
taining upstream sequence. Elimination of the last eight residues
from this shorter sequence abolished binding, but these residues
alone were not sufficient for binding. We conclude that a-actinin
binds to densin at a site that lies primarily between residues 835

J. Neurosci., January 15, 2001, 27(2):423-433 427

A. Nonphospho-CaMKII

66-
-CaMKIIB
-CaMKlle
45-
B. Phospho-CaMKII
66-
- - -CaMKIIB
45 Wy —_— -CaMKllo
@ Q G %
S N AN ’?%
t;-JC}h oé,)
/’?/,') \5’/))
(@ %
(@) (7
O,s, L/

Figure 4. Subunit specificity of interaction of CaMKII with a-actinin
and densin. The indicated fusion proteins were cross-linked to agarose
beads and subsequently incubated with 12 ug of either nonphosphorylated
(7 muMm) (A) or phosphorylated (3 um) (B) rat forebrain CaMKIIL
CaMKII was eluted and detected by immunoblot with the antiserum
Darlene (A), which recognizes the nonphosphorylated form of both «a-
and B-subunits of CaMKII, or with a mixture of antibody 6G9 and
antiserum Darcy (B), which recognize the a- and B-subunits of CaMKII,
respectively. The lane labeled input contains 50% (A) or 25% (B) of the
CaMKII that was originally incubated with the beads. The relative
positions of the a- and B-subunits are indicated on the right; molecular
size markers (in kilodaltons) are indicated on the left.

and 871, although residues upstream of 835 and downstream of
871 may participate in binding or be necessary for proper folding
of the binding site.

The region of a-actinin that binds to CaMKII is also near the
C-terminus. The terminal 8 residues are not involved in binding,
because deletion of these residues did not alter the strength of
binding. Deletion of the COOH terminal 45 residues (835-879)
abolished binding; nevertheless, the COOH terminal 45 amino
acids alone were not sufficient for binding to CaMKII. Therefore,
the binding site for densin on a-actinin may reside around residue
835 and be split in these two constructs. We conclude that
a-actinin binds to CaMKIle« at a site just downstream of the EF
hands, between residues 806 and 871.

Biochemical studies of interactions among densin,
CaMKIl, and a-actinin

To test whether densin and a-actinin will bind CaMKII in vitro,
we covalently linked a fusion protein containing the entire intra-
cellular domain of densin [GST:densin(intra)], the C-terminal
half of o-actinin-4 [GST:actinin(COOH)], and GST to
glutathione-agarose beads as described in Materials and Meth-
ods. The beads with attached fusion proteins were incubated with
purified rat forebrain CaM KII and washed. Bound CaMKII was
eluted and detected by immunoblot with an antibody that recog-
nizes both a- and B-subunits. GST:actinin(COOH) and GST:
densin(intra) bound CaMKII, but GST alone did not (Fig. 4).
CaMKII purified from rat forebrain is a mixture of dodecameric
holoenzymes containing varying numbers of «- and B-subunits.
The average composition is nine a-subunits and three B-subunits
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Figure 5. Identification of regions of interaction among densin,

CaMKII, and e-actinin by blot overlay assays. 4, B, Interaction of densin
with CaMKII. Fusion proteins containing the intracellular portion (in-
tra), the membrane proximal ( prox), or the PDZ domain (PDZ) of densin,
or GST alone were transferred to a nitrocellulose membrane after frac-
tionation by SDS-PAGE. Each lane contained ~2.5 ug of the most
prominent band of the fusion protein. The membrane was overlaid with
10 pg/ml autophosphorylated CaMKII. 4, Immunoblot of membrane
after overlay by CaMKII. Bound CaMKII was detected with antibody
6G9 against CaMKIIa. B, Coomassie-stained gel indicating the relative
positions of fusion proteins after SDS-PAGE. Positions of molecular size
markers (in kilodaltons) are shown on the right. C, Interaction of a-actinin
with densin. His:actinin(COOH) was transferred to a nitrocellulose mem-
brane after fractionation by SDS-PAGE. Individual lanes were overlaid
with GST:densin(intra), GST:densin(prox), GST:densin(PDZ), or GST,
as indicated. Bound densin fusion proteins were detected with an anti-
body against GST. The position of His:actinin(COOH) is shown on the
right, and those of molecular size markers (in kilodaltons) on the left.

(Bennett et al., 1983). a-Actinin bound holoenzymes containing
both a- and B-subunits (Fig. 4). In contrast, densin bound selec-
tively to holoenzymes containing only c-subunits. This experi-
ment demonstrates that densin does not bind with high affinity to
holoenzymes that contain B-subunits.

The region of densin that binds CaMKII was further delin-
eated by preparing overlays of blots of GST fusion proteins
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Figure 6. Coimmunoprecipitation of densin and CaMKII from rat
brain. A rat brain synaptosomal fraction was immunoprecipitated with
antibodies against densin (Densin IP) or nonimmune mouse IgG (Control
IP) as described in Materials and Methods. Immune complexes were
purified on Protein A-agarose beads and fractionated by SDS-PAGE.
Proteins were transferred to nitrocellulose membranes and immunola-
beled with antibodies against the proteins, the positions of which are
indicated on the right. Lanes labeled input contain 20% of the amount of
synaptosomal fraction used for the immunoprecipitation. 4, Immunoblot
of immunoprecipitated proteins detected with antibody M3 against densin
and antiserum Darlene against nonphosphorylated a- and B-subunits of
CaMKII. B, Immunoblot of precipitated proteins from an immunopre-
cipitation identical to that in 4. Proteins were detected with antibody M3
against densin and antiserum Frances against PSD-95.

containing portions of the intracellular domain of densin. GST:
densin(intra) and fusion proteins containing the membrane prox-
imal domain [GST:densin(prox)] and the PDZ domain [GST:
densin(PDZ)] were subjected to SDS-PAGE and transferred to a
nitrocellulose membrane. CaMKII from rat forebrain was auto-
phosphorylated, diluted to 10 wg/ml, and incubated with the
membrane as described in Materials and Methods. The mem-
brane was washed, and bound CaMKII was detected by incuba-
tion with an antibody against the a-subunit (Fig. 54). CaMKII
bound to the GST fusion proteins containing the intracellular
domain and the membrane proximal domain, but did not bind to
the fusion protein containing only the PDZ domain. This result is
consistent with the results of two-hybrid assays (Fig. 2B) and
demonstrates that densin binds CaMKII in the membrane prox-
imal half of its putative intracellular region.

We identified the region in densin that binds a-actinin with a
blot overlay assay. A histidine-tagged fusion protein containing
the C-terminal half of a-actinin [His:actinin(COOH)] was sub-
jected to SDS-PAGE and transferred to a nitrocellulose mem-
brane. Individual lanes of the membrane were overlaid with
GST:densin(intra), GST:densin(prox), GST:densin(PDZ), or
GST. The blot was washed, and bound fusion proteins were
detected with an antibody against GST. The fusion protein con-
taining the entire intracellular domain of densin and that con-
taining only the PDZ domain bound to the HIS:actinin(COOH)
(Fig. 5C), whereas the fusion protein containing only the mem-



Walikonis et al. « Ternary Complex of Densin, CaMKIl, and a-Actinin

A GST:densin(PDZ)
-CaMKII
s -His:actinin
Q Q 4, 4,
S 4, &) .
Ty ey, %, 9,
% % 47/’/)
B GST:densin(prox)

T— e -CaMKII

-His:actinin

O 0.0, 1, "o, 7,

f/o, () ,/o, /4 O//h /X

% 4747/’/) %
C GST

-CaMKIl
-His:actinin

47/ OQC}/:% O(} Q C}}

Figure 7. Formation of ternary complexes of densin, CaMKII, and
a-actinin in vitro. Agarose beads coated with 10 ug of GST:densin(PDZ),
GST:densin(prox), or GST were incubated with 12 g of purified fore-
brain CaMKII, 7.5 ug of His:actinin(COOH), or a combination of the
two proteins as described in Materials and Methods. Proteins (listed
under each lane) were added to the beads and incubated for 2 hr. Bound
proteins were eluted and detected by immunoblot with antibody 6G9
against CaMKIla and anti-T7 antibodies that recognize His:actinin-
(COOH). Immunoblots of CaMKII and His:actinin(COOH) are shown
after the elution of proteins from GST:densin(PDZ), (A4), GST:densin-
(prox) (B), and GST (C).

brane proximal domain did not bind to a-actinin. These data
indicate that, in contrast to CaMKII, a-actinin binds to the PDZ
domain of densin. The yeast two-hybrid data reported in Figure
3B suggest, however, that the interaction is not a classical PDZ
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domain interaction because the last eight amino acids of a-actinin
are not sufficient for binding.

Coimmunoprecipitation

To test whether densin interacts with CaMKII in vivo, we used
antibodies against densin to precipitate it with associated proteins
from homogenates of synaptosomes solubilized in 2% Triton
X-100, as described in Materials and Methods. CaMKIla was
present in the densin immunoprecipitates and not in control
immunoprecipitates containing nonimmune IgG (Fig. 64). PSD-
95, another PSD protein, did not coimmunoprecipitate with den-
sin (Fig. 6B), indicating that the interaction with CaMKII is
specific, and supporting the hypothesis that densin binds directly
to CaMKII in vivo. These experiments do not, however, rule out
the possible presence of an unknown third protein mediating
interaction between densin and CaMKII. Interestingly, little
CaMKIIB was detected in the immunoprecipitates (Fig. 6A4),
supporting the conclusion that densin preferentially associates
with holoenzymes containing only CaMKlIl« in vivo.

In similar experiments, we were unable to detect a-actinin in
samples containing immunoprecipitated densin. Interactions be-
tween densin and a-actinin may be transient or may be disrupted
by detergents required to solubilize proteins in the PSD.

Formation of a ternary complex containing densin,
CaMKIl, and a-actinin
We used pull-down assays to test whether densin can form ternary
complexes with CaMKII and a-actinin. Glutathione-agarose
beads loaded with GST:densin(PDZ) were incubated with solu-
tions containing purified rat forebrain CaMKII alone, CaMKII
plus His:actinin labeled with a T7 epitope tag, or His:actinin
alone. After washing, bound proteins were eluted from the beads
and subjected to immunoblot with antibodies against CaM KIl«
or against T7 (Fig 74). As predicted from previous experiments
(Fig. 54), CaMKII alone did not bind to GST:densin(PDZ);
however, it did bind to the column when His:actinin was present
in the solution. The presence of CaMKII in the solution did not
decrease binding of a-actinin to densin, indicating that there is no
competition between c-actinin and CaMKII for binding. No
CaMKII or a-actinin bound to beads loaded with GST (Fig. 7C).
These results show that CaMKII can bind to a-actinin at the
same time that a-actinin is bound to the PDZ domain of densin.
In a similar experiment, beads loaded with GST:densin(prox)
were incubated with solutions containing His:actinin(COOH)
alone, His:actinin(COOH) plus CaMKII, or CaMKII alone. As
in Figure 74, bound proteins were eluted and subjected to im-
munoblot with antibodies against T7 or against CaM KIla. Very
little His:actinin(COOH) alone bound to the column, whereas
much more bound when CaMKII was present in the solution
(Fig. 7B). The presence of a-actinin did not decrease binding of
CaMKII to densin, again indicating that there is no competition
between a-actinin and CaMKII for binding. These results indi-
cate that a-actinin can bind to CaMKII at the same time that
CaMKII is bound to the membrane proximal region of densin.
Taken together, the experiments indicate that densin,
CaMKII, and a-actinin can form a ternary complex.

Identification of the CaMKII phosphorylation site

on densin

Densin is phosphorylated to a stoichiometry of ~1 pmol of
phosphate per picomole of densin by endogenous CaMKII in the
PSD fraction (Apperson et al., 1996). We found that GST:densin-
(intra) (amino acids 1249-1495) or GST:densin (PDZ) (amino
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Figure 8. Phosphopeptides of densin generated after phosphorylation by
CaMKII and digestion by endoproteinase-Lys-C. GST:densin(PDZ) and
GST:densin(intra) were phosphorylated by purified forebrain CaMKII as
described in Materials and Methods. The fusion proteins were digested
with endoproteinase-Lys-C, and resulting peptides were fractionated by
HPLC on a C18 reverse-phase column. Proteins in the PSD fraction were
phosphorylated by endogenous CaMKII. Densin was immunoprecipi-
tated from the PSD fraction and fractionated by SDS-PAGE. The band
containing densin was cut from the gel and digested in the gel with
endoproteinase-Lys-C. Peptides eluted from the gel were fractionated by
HPLC. Radioactivity of each fraction was measured as described in
Materials and Methods. A, Radiolabeled peptides derived from GST:
densin(PDZ). B, Radiolabeled peptides derived from GST:densin(intra).
C, Radiolabeled peptides generated from densin-180 in the PSD fraction.
The numbers above the peaks at fraction 150 and fraction 181 indicate the
phosphorylated amino acid residue present in that peak.

acids 1374-1495) are also phosphorylated by CaMKII in a Ca®*-
dependent manner. To identify the site of phosphorylation, we
exhaustively phosphorylated the fusion proteins in the presence
of purified rat brain CaMKII and [y-**P]JATP, as described in
Materials and Methods. Phosphorylated fusion proteins were
digested with endoproteinase Lys-C, and the peptides were frac-
tionated by HPLC. We identified **P-labeled peptide peaks by
measuring radioactivity in each fraction. Proteolyzed GST:
densin(intra) and GST:densin(PDZ) produced single large radio-
active peptide peaks with identical mobilities (Fig. 84, B, fraction
150). GST:densin(intra) produced an additional smaller peak of
slower mobility (Fig. 8B, fraction 181). MALDI-TOF mass spec-
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Figure 9. Effect of phosphorylation of densin and CaMKII on their
binding affinity. 4, GST:densin(intra) was phosphorylated (P) or not
phosphorylated (N) by CaM KII. GST was similarly treated. The proteins
were fractionated by SDS-PAGE (10 pg/lane) and transferred to a nitro-
cellulose membrane. Autophosphorylated (P) or nonphosphorylated (N)
CaMKII (10 ug/ml) was overlaid on individual lanes. Bound CaM K1l
was detected by immunoblot with antibody 6G9 as described in Materials
and Methods. Positions of GST-densin(intra) and GST are indicated on
the right. B, Quantitative analysis of binding of phosphorylated and
nonphosphorylated CaMKII to densin in a blot overlay. Nonphosphory-
lated GST:densin(intra) was fractionated by SDS-PAGE and transferred
to a PVDF membrane. CaMKII (3 uM) was either autophosphorylated or
incubated in a control reaction (nonphosphorylated) and subsequently
serially diluted and overlaid on individual lanes. CaM KII was detected by
immunoblot with antibody 6G9 and fluorescein-conjugated secondary
antibodies. Fluorescence was measured with a Storm Imaging System and
quantified with ImageQuant software. The graph is a representative
example of three separate experiments.

trometric analysis of the peaks in fraction 150 revealed a single
peptide with a mass of 2280.85. Gas phase Edman degradation of
the peptide revealed a sequence of 18 residues corresponding to
residues 1394-1411 of densin. This sequence contains a single
serine at position 4, which corresponds to residue 1397 in densin
(Apperson et al., 1996). The calculated mass for this peptide,
assuming the presence of a phosphoryl group on the serine and a
carboxamidocysteine modification of the cysteine, is 2281.35. We
confirmed that this peptide is phosphorylated by performing
MALDI-TOF mass spectrometry in reflector mode. In addition
to the peak of mass 2281 in the linear mode, a second peak of
mass 2185 appeared in reflector mode. These peaks differ by ~96
mass units, which matches the mass to change ratio of a phospho-
ryl group. This pattern of fragmentation in reflector mode is
diagnostic for a phosphopeptide. Interestingly, the sequence
around serine 1397 does not strictly fit the consensus sequence for
a phosphorylation site of CaM KII. After this work was presented
in abstract and poster form (Walikonis et al., 1999), and before it
was submitted for publication, Strack et al. (2000) published an
identification of serine 1397 as a phosphorylation site on densin
for CaMKII based on site-directed mutagenesis.

Fraction 181 from GST:densin(intra) contained a single pep-
tide of mass 6932. The sequence of the N-terminal 10 residues was
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obtained by gas—phase sequencing and corresponds to a 59 resi-
due Lys-C peptide, containing residues 1271-1329 of densin. It
contains a serine at residue 1293 that is within a consensus
sequence for phosphorylation by CaMKII. MALDI-TOF mass
spectrometry of this peptide in the reflector mode revealed a
fragmentation peak of mass 6835, again indicative of loss of a
phosphoryl group. Thus, serine 1293 is phosphorylated in the
GST:densin(intra) fusion protein.

To examine phosphorylation sites in intact densin, we prepared
phospho-densin from the PSD fraction after phosphorylation by
endogenous CaMKII as described in Materials and Methods.
Densin was immunoprecipitated from the PSD fraction and di-
gested in the same manner as the fusion proteins. The resulting
digest contains a phosphopeptide that corresponds to the peptide
eluting in fraction 150, containing serine 1397 (Fig. 8C). A pep-
tide corresponding to the peptide in Figure 8 B, containing serine
1293, did not appear in the digest of intact densin; thus, although
serine 1293 can be phosphorylated by CaMKII in a fusion
protein, it may not be phosphorylated in densin in vivo.

The K., for phosphorylation of serine 1397 in GST:densin-
(PDZ), averaged from Lineweaver-Burke double-reciprocal plots
from four separate experiments, was 0.68 * 0.44 um (data not
shown), reflecting the high-affinity binding of densin to CaMKII.

Effects of phosphorylation on the interaction between
densin and CaMKII

We tested whether autophosphorylation of CaMKII or phos-
phorylation of densin by CaMKII alters the interaction between
them. We prepared GST:densin(intra) phosphorylated by
CaMKII, as described in Materials and Methods. Nonphospho-
rylated and phosphorylated densin were subjected to SDS-PAGE
and transferred to a nitrocellulose membrane. Individual lanes
were incubated with either autophosphorylated or nonphospho-
rylated CaMKII. After washing, bound CaMKII was detected
with an antibody against CaMKIla. Autophosphorylation of
CaMKII markedly increased binding to GST:densin(intra),
whereas phosphorylation of GST:densin(intra) only slightly de-
creased binding by CaMKII (Fig. 94).

To better measure the change in affinity of autophosphorylated
CaMKII for densin, we devised a quantitative overlay assay using
fluorescein-conjugated secondary antibodies. Autophosphory-
lated and nonphosphorylated samples of CaMKII were serially
diluted and incubated with nitrocellulose membranes containing
bands of GST:densin(intra) transferred from SDS gels. Binding of
CaMKII was quantified after measurement of fluorescence with
a Storm Imaging System and ImageQuant software. Autophos-
phorylated CaMKII bound to the GST:densin(intra) band with a
very low ECy, of ~75-150 nm, indicating high affinity for densin.
Nonphosphorylated CaMKII bound in this assay with at least
100-fold lower affinity (Fig. 9B). Its affinity was too low to mea-
sure with precision in this assay. In contrast to these results,
autophosphorylation of CaMKII did not alter its binding to
GST:actinin(COOH) (data not shown). These experiments indi-
cate that autophosphorylation of CaMKII increases the affinity
of CaMKII for the intracellular region of densin by as much as
100-fold. In contrast, phosphorylation of densin by CaM KII does
not dramatically alter binding affinity between the two proteins.

Because a-actinin binds to the kinase domain of CaMKII (Fig.
34), we tested whether it is phosphorylated by CaMKII by
incubating GST:actinin(COOH) with CaM KII and y-**P-labeled
ATP under phosphorylating conditions. No phosphate was de-
tected in the fusion protein after a 3 min incubation (data not
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shown). Thus, the C-terminal tail of a-actinin is not phosphory-
lated by CaMKII.

DISCUSSION

In this study, we used the putative cytosolic region of the PSD
protein densin to screen a human brain cDNA library for inter-
acting proteins by the yeast two-hybrid method. We found that
two proteins known to be constituents of the PSD, CaM KlIl« and
a-actinin (Kennedy et al., 1983; Wyszynski et al., 1997), bind to
the COOH-terminal tail of densin. We showed that CaMKII«
and o-actinin also interact and the three proteins can form a
ternary complex in vitro, suggesting that they may do the same in
vivo. The PDZ domain of densin binds a COOH-terminal domain
in a-actinin. Sequences just upstream of the densin PDZ domain
bind the association domain of CaMKIla. a-Actinin, in turn,
binds the kinase domains of the a- or B-subunits of CaMKII.
CaMKII phosphorylates densin at serine-1397, but phosphoryla-
tion of densin only slightly decreases its affinity for CaMKII. In
contrast, autophosphorylation of CaMKII increases its affinity
for densin at least 100-fold. These results suggest that densin may
play a role in the movement of activated CaMKII to the PSD
after activation of glutamatergic synapses.

The specificity of densin for binding to CaMKII is particularly
interesting. Densin interacts with the a-subunit in a yeast two-
hybrid assay but does not interact with the B-subunit (Fig. 2).
When exposed to a mixture of holoenzymes purified from rat
forebrain, densin preferentially binds holoenzymes containing
only a-subunits (Fig. 4). Finally, immunoprecipitation of densin
from the synaptosome fraction reveals that, in situ, densin binds
primarily holoenzymes containing only the a-subunit (Fig. 64).
The CaMKII holoenzyme is a dodecamer assembled apparently
randomly from «- and B-subunits as they are synthesized (Ben-
nett et al., 1983; Shen et al., 1998; Kolodziej et al., 2000). In the
forebrain, holoenzymes contain an average of nine a-subunits and
three B-subunits (Bennett et al., 1983). However, this average
composition reflects the presence of an array of holoenzymes
containing various combinations of a- and B-subunits. Dendrites
of pyramidal cells in the hippocampus contain a high concentra-
tion of mRNA encoding the a-subunit; but mRNA encoding the
B-subunit is largely confined to the soma (Burgin et al., 1990).
Thus, there is reason to believe that holoenzymes of CaMKII
assembled after synthesis in dendrites would contain primarily
a-subunits. CaMKII is synthesized in dendrites in response to
synaptic activity that activates NMDA receptors (Ouyang et al.,
1999). Activation of NMDA receptors also induces translocation
of CaMKII from dendritic shafts into the PSD, apparently trig-
gered by autophosphorylation of CaMKII (Shen et al., 1998).
The observation that densin specifically binds CaMKII holoen-
zymes containing only a-subunits suggests that densin may par-
ticipate in translocation or localization of dendritically synthe-
sized CaMKII to the PSD. This hypothesis is supported by our
data showing that the affinity of CaM KIl« for densin increases
when the kinase is autophosphorylated. Nonphosphorylated
CaMKIlIa has a reduced but significant affinity for densin (Figs.
4, 94). Thus, densin may help to maintain CaM KII anchored at
the PSD even after dephosphorylation of the kinase. The forma-
tion of a ternary complex among densin, CaMKII, and a-actinin
would provide additional stability.

The magnitude of the change in affinity for densin caused by
autophosphorylation of CaMKII is different depending on the
method of assay (Strack et al., 2000). In the experiment shown in
Figure 9B, affinities were tested at concentrations of CaMKII in
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solution between 10 nm and 1 um. We could not detect binding of
nonphosphorylated CaMKII to densin at 1 um. However, in the
experiment shown in Figure 4, nonphosphorylated CaMKII
bound to densin on an affinity column when presented at a
concentration of 7 um. CaMKII is an abundant protein in the
brain (Kennedy et al., 1990); if one assumes a uniform, well mixed
distribution, its concentration is estimated to be 10-30 um. How-
ever, CaMKII is bound to, and appears to move between, several
cellular structures; therefore, it is difficult to directly predict
whether the change in affinity for densin produced by autophos-
phorylation would be significant in vivo. A likely cause of the
observed increase in affinity is a decrease in the dissociation rate.
The stochastic movements and associations of the kinase in vivo
might well be influenced by a change in k.

The a-actinins are a family of closely related proteins that
cross-link actin filaments and tether proteins to the cytoskeleton.
We isolated a splice variant of human «-actinin-4 as a binding
partner for densin. The expression of this isoform in the brain has
not been studied. However, a-actinin-1 and -2 are both reportedly
present in spines (Wyszynski et al., 1998) and in the PSD fraction
(Walikonis et al., 2000), which suggests that they may both be
located at excitatory synapses. We have not tested the interaction
of densin with these isoforms. However, the a-actinins are highly
similar in sequence. For example, in the region of interaction with
densin (from the EF hands to the COOH terminus), a-actinins-1
and -4 are 88% identical and 97% similar. Thus, it is likely that
densin can bind isoforms other than «-actinin-4. The various
a-actinins are also likely similar in function, although small se-
quence variations and differential expression or subcellular dis-
tribution may impart subtle differences. A role for actin and
a-actinin in organizing proteins at the PSD is suggested by
experiments in which cultured hippocampal neurons were treated
with latrunculin A, an agent that depolymerizes actin. The treat-
ment resulted in the loss of actin and «-actinin from dendritic
spines. Interestingly, the treatment also caused a loss of
CaMKIla from spines, although other PSD proteins, such as
PSD-95, remained concentrated at the PSD (Allison et al., 2000).
These experiments demonstrate that actin filaments are neces-
sary for continued anchoring of CaMKII to postsynaptic sites,
either by binding directly to CaMKII or indirectly through
a-actinin or other actin-associated proteins. a-Actinin also binds
to subunits of the NMDA receptor (Wyszynski et al., 1997), and
may, along with the C-terminal tails of the NR2 subunits (Om-
kumar et al., 1996; Strack and Colbran, 1998; Leonard et al.,
1999), help to tether CaMKII to this receptor.

The affinity of the intracellular tail of densin for CaMKII and
a-actinin provides some clues about the potential functions of
densin as an organizing protein. Identification of its extracellular
binding partner(s) and isolation of densin mutants will help to
clarify its functions further.
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