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ABSTRACT Because the calmodulin in postsynaptic densities (PSDs) activates a cyclic nucleo-
tide phosphodiesterase, we decided to explore the possibility that the PSD also contains a
calmodulin-activatable protein kinase activity. As seen by autoradiographic analysis of Coo-
massie Blue-stained SDS polyacrylamide gels, many proteins in a native PSD preparation were
phosphorylated in the presence of [y-3*P]ATP and Mg?* alone. Addition of Ca?* alone to the
native PSD preparation had little or no effect on phosphorylation. However, upon addition of
exogenous calmodulin there was a general increase in background phosphorylation with a
statistically significant increase in the phosphorylation of two protein regions: 51,000 and 62,000
M.. Similar results were also obtained in sonicated or freeze-thawed native PSD preparations
by addition of Ca®* alone without exogenous calmodulin, indicating that the calmodulin in
the PSD can activate the kinase present under certain conditions. The calmodulin dependency
of the reaction was further strengthened by the observed inhibition of the calmodulin-
activatable phosphorylation, but not of the Mg®*-dependent activity, by the Ca®* chelator,
EGTA, which also removes the calmodulin from the structure (26), and by the binding to
calmodulin of the antipsychotic drug chlorpromazine in the presence of Ca®*. In addition,
when a caimodulin-deficient PSD preparation was prepared (26), sonicated, and incubated
with [y-*3P]ATP, Mg®* and Ca®*, one could not induce a Ca®*-stimulation of protein kinase
activity unless exogenous calmodulin was added back to the system, indicating a reconstitution
of calmodulin into the PSD. We have also attempted to identify the two major phosphorylated
proteins. Based on SDS polyacrylamide gel electrophoresis, it appears that the major 51,000 M,
PSD protein is the one that is phosphorylated and not the 51,000 M, component of brain
intermediate filaments, which is a known PSD contaminant. In addition, papain digestion of
the 51,000 M, protein revealed multiple phosphorylation sites different from those phospho-
rylated by the Mg?*-dependent kinase(s). Finally, although the calmodulin-activatable protein
kinase may phosphorylate proteins I, and |, the cyclic AMP-dependent protein kinase, which
definitely does phosphorylate proteins |, and |, and is present in the PSD, does not phospho-
rylate the 51,000 and 62,000 M, proteins, because specific inhibition of this kinase has no effect
on the levels of the phosphorylation of these latter two proteins.

In the previous paper we have shown that the postsynaptic
density (PSD) contains a cryptic calmodulin-activatable cyclic
nucleotide phosphodiesterase activity (29). A further exami-
nation of the possible function of the calmodulin in the PSD
was prompted by the demonstration by several groups of the
existence of calmodulin-dependent protein kinases. Calmodu-
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lin has been shown to be a subunit of the Ca®*-dependent
myosin light chain kinase (14, 15, 30, 41, 59, 60, 62, 64) as well
as activating muscle (12, 53) and platelet (24) phosphorylase
kinase, glycogen synthase kinase, (18, 56), and the phospho-
rylation of histones (58). It has also been implicated in the
phosphorylation of brain cytosol (63) and of synaptic vesicle
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(13) proteins. More to the point, Schulman and Greengaard
(50, 51) recently showed that calmodulin was involved in
stimulating the Ca®*-dependent phosphorylation of two pro-
teins of 51,000 and 62,000 M, in lysed synaptosomes and in a
crude synaptic membrane fraction. We now describe the pres-
ence and properties of a calmodulin-activatable protein kinase
activity in a highly purified Triton X-100-derived PSD prepa-
ration from canine cerebral cortex, a preparation derived from
a synaptic membrane fraction.

MATERIALS AND METHODS
Materials

Biochemical compounds were obtained as follows; acrylamide, bisacrylamide,
and N,N,N’,N’-tetramethylenediamine were from Eastman Organic Chemicals
Div. Eastman Kodak Co. (Rochester, N. Y.); Tris, Coomassie Brillant Blue R, 2-
mercaptoethanol, TCA, SDS, EGTA, chlorpromazine-HCI, PIPES, phosvitin,
calf thymus histone type I1-AS, papain (EC 3.4.22.2), bovine heart protein kinase
inhibitor, and rabbit muscle phosphorylase B (EC 2.4.1.1) were obtained from
Sigma Chemical Co. (St. Louis, Mo.); adenosine 5'~[y-"P}-triphosphate (>2,000
Ci/mmol) was from Amersham Corp. (Arlington Heights, Ill.); Triton X-100
from Packard Instrument Co., Inc. (Downers Grove, IlL); sucrose (density
gradient grade) was from Schwarz/Mann Div., Becton, Dickinson & Co. (Or-
angeburg, N. Y.); and 2.4 cm GF/C glass microfiber paper discs were from
Whatman. All other chemicals were reagent grade. Highly purified calcineurin
and calmodulin-activatable cyclic nucleotide-phosphodiesterase from brain were
kind gifts of Dr. Claude Klee (National Institutes of Health [NIH]). Chick brain
calmodulin was a gift of Dr. D. M. Watterson (The Rockefeller University).

General Methods

Samples to be used for gel electrophoresis were resuspended in a solution
containing 0.08 M Tris-HCl, pH 6.7, 7% glycerol, and 3% 2-mercaptoethanol.
The sample was briefly sonicated, and SDS was added to a final concentration
of 2%. SDS polyacrylamide gel electrophoresis (SDS PAGE) was performed
according to the discontinuous buffer system of Neville (42) except that a slab gel
(2 mm thick) containing a linear 5-15% (wt/vol) acrylamide gradient was used
(11). Electrophoresis was carried out until the tracking dye (0.001% bromphenol
blue) reached the bottom of the gel. The gels were fixed and stained in a solution
containing 0.25% (wt/vol) Coomassie Blue in 50% (vol/vol) methanol, 7% (vol/
vol) acetic acid. 5 mM EDTA was routinely added to the upper reservior buffer.
Protein concentration was determined by the method of Lowry et al. (37).

A PSD fraction was isolated from synaptosomes in a short procedure by
treatment with 0.5% Triton X-100 as previously described (11). This preparation
was purified by further treatment with 0.5% Triton X-100, 75 mM KCl to remove
contaminating membrane proteins (11). Purified calmodulins from canine brain
and bovine brain cortex were isolated as described by Watterson et al. (61) as
modified by us (26). Canine brain tubulin was prepared by the assembly-
disassembly method of Gaskin et al. (23), except that PIPES buffer was used in
place of 2-(N-morpholino)ethane sulfonic acid. A canine brain intermediate
filament protein preparation was isolated by exposure of axons to low ionic
strength medium for | h as described by Liem et al. (36). Skeletal muscle myosin
light chain was prepared from canine thigh muscle according to the method of
Pires and Perry (47).

Assay for Calcium-dependent
Protein Kinase Activity

Calcium-dependent protein kinase activity of the PSD was performed accord-
ing to the method of Schulman and Greengard (50, 51). The standard reaction
mixture contained in a final volume of 0.1 mk: 50 mM PIPES buffer, pH 7.0; 10
mM Mg.; 1 mM dithiothreitol; 0.2 mM EGTA; plus PSD protein. The plus
calcium samples also contained 0.5 mM CaCl, with or without purified canine
brain calmodulin. After a 1-min preincubation at 30°C, 5 uM [y-"P]JATP (1.6
Ci/mmol) was added and the mixture was incubated at 30°C. The reaction was
usually terminated by the addition of 2% SDS, and SDS PAGE was performed
as described in Materials and Methods. Autoradiography was performed on the
dried gels using Cronex 2 DC medical film. On some occasions, the reaction was
terminated with 5 ml ice-cold 5% TCA-1% pyrophosphate. 0.5 mg of carrier
bovine serum albumin was added and the sample was transferred onto 2.4 cm
GF/C glass microfiber paper discs using a Millipore sampling manifold (Milli-
pore Corp., Bedford, Mass.). The samples were then washed three times with §
ml TCA-pyrophosphate, once with 5 ml 100% methanol, once with 5 ml ethyl

ether, and finally transfered to scintillation vials that contained 10 ml H,O.
Cerenkov radiation was monitored in the H channel in a Beckman liquid
scintillation counter (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.).

RESULTS

We had previously described in the PSD the existence of a
cyclic AMP-activatable protein kinase activity (2, 57) as well
as its substrate proteins, proteins I, and I,. To assess whether
or not our PSD preparation also had a calmodulin-activatable
protein kinase activity, PSDs were incubated for various times
with 5 uM [y-*P]ATP and Mg** in the absence and presence
of Ca® and calmodulin. As seen in the results of a répresent-
ative experiment (Fig. 1), incorporation of **PO, into total PSD
protein in the presence of Mg*" reached a maximal level after
3 min of incubation at 30°C. In the presence of Ca®* and
calmodulin, the phosphorylation of total PSD protein was
increased some 30% over the Mg”* control. Identical results
were obtained whether 5 uM or | mM ATP was used. Previ-
ously (11) it had been found that the PSD preparations contain
no Ca®*- or Mg*"-ATPase activity. Although there was little
apparent phosphatase activity in the Mg** controls up to 11
min of incubation (the longest time tested), some phosphatase
activity was seen in the calmodulin-incubated PSD samples
between 7 and 11 min. The 5 uM ATP concentration as well as
the 3-min incubation time at 30°C was therefore used in all
the subsequent studies.

Because the PSD fraction did appear to have a calmodulin-
activatable protein kinase activity, the nature of the proteins
phosphorylated were examined by subjecting the PSD after
incubation to SDS PAGE. As seen in the autoradiograph (Fig.
2 B) of the Coomassie Blue-stained gel (Fig. 2 4), many proteins
in the native PSD preparation were phosphorylated in the
presence of Mg®* alone (slot /). Upon the addition of Ca* to
the PSD preparation, there was a slight increase in phospho-
rylation of the protein(s) in the major 51,000 M. region (slot
2). However, in the presence of both Ca’* and exogenous
calmodulin there was a marked increase in the phosphorylation
of two major protein regions in the PSD: at M, = 51,000 and
at M, = 62,000 (slot 3). In this experiment an increase was also
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FIGURE T Incorporation of *PO, into total PSD protein. Fresh PSDs

(80 pg) were incubated for various times at 30°C with [y-32P]ATP
and the reaction was stopped with 5 mi ice-cold 5% TCA-1%
pyrophosphate as described in the text. The samples were then
transfered onto paper dics and prepared for scintillation counting.
The data are expressed as femtomoles phosphate incorporation per
microgram total PSD protein. ( 7) PSDs incubated in the presence of
10 mM Mg?* alone. (2) PSDs incubated as in 7 except that 0.5 mM
Ca®* and 4 pug chick brain calmodulin were also present.
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FIGURE 2 SDS PAGE of phosphorylated PSD proteins. The incu-
bation conditions (3 min at 30°C) as well as SDS PAGE and auto-
radiography was performed as described in the text. The Coomassie
Blue-stained gels, 120 pug PSD protein, are shown in A, while the
autoradiograms of the stained gels are shown in B. The arrows
indicate the relative molecular masses of select regions on the gel.
The absence or presence of either 0.5 mM Ca®* and/or 4 ug canine
brain calmodulin is shown at the bottom of the figure. The phos-
phorylated band below the calmodulin in B is the contaminanting
myelin basic protein.

at M, = 58,000, but see Fig. 3 for the average increases in six
to eight experiments. No phosphorylation was seen in the total
absence of Mg®* under the conditions studied and it was,
therefore, added in all the subsequent studies. The data indicate
that the PSD does contain an endogenous calmodulin-activat-
able protein kinase as well as its substrate proteins, and this
activity is most likely on the surface of the PSD, as it responds
to added calmodulin.

Fig. 3 summarizes the data showing the effect of Ca®* and
calmodulin on the phosphorylation of individual PSD proteins,
since there was variability among these proteins in this regard.
Separate PSD preparations from the cortices of six to eight
different animals were phosphorylated in the absence or pres-
ence of Ca®" and calmodulin as described for Fig. 2. After SDS
PAGE, protein bands were cut out of the wet gels and counted
for radioactivity. The data are expressed as the mean (+SE)
incorporation of phosphate into an individual protein region
per total PSD protein incubated (fmol phosphate/ug total PSD
protein per 3 min). As shown in the figure, although many
protein regions showed average increases in phosphorylation
of 6-33% over the Mg”"-incubated control after calmodulin
adition, by far the greatest average increase (i80%) in phos-
phorylation was in the major 51,000 M, region followed by the
62,000 M, region (110%). With the exception of the myelin
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basic protein (M, = 17,000) which is a major contaminant (3),
proteins below M, = 51,000 were phosphorylated either very
poorly or not at all, nor was there an increased phosphorylation
after calmodulin addition. Occasionally, however, there was a
protein with M, = 20,500 which could be phosphorylated with
calmodulin, although no visible protein band could be seen on
the stained gels. The phosphorylation in the 70,000 M, region,
known to also contain the substrate proteins (proteins I, and
I,,) for the endogenous cyclic AMP-dependent protein kinase
(2, 57), was increased by 33% upon addition of Ca®* and
calmodulin, but there was a 183% increase (3.4 + 1.1 fmol/ug
total PSD protein) in this protein region when the PSD was
incubated in the presence of 10 uM cyclic AMP instead of
calmodulin (cf. Fig. 44, slot 2).

It appears from the above, that exogenous calmodulin in-
duces a large increase in the phosphorylation of mainly two
proteins in the isolated PSD, but the relatively low activity of
the kinase in the presence of endogenous calmodulin in the
native PSD preparation (only Ca’* addition) was somewhat
disturbing. However, under certain conditions, such as mild
sonication for 10-15 s in either double-distilled H>O or low
ionic strength buffer, e.g., 6 mM Tris-HCl, pH 8.1, or by
freezing the preparation at —80°C followed by thawing (again
in H;O or low ionic strength buffer), one can now induce a
marked increase in phosphorylation in the 51,000 and 62,000
M. regions by the addition of Ca** alone (Fig. 44). For
example, slot 4 shows the Coomassie Blue-stained gel of a PSD
preparation (100 pg protein) which has been subjected to
freeze-thawing. As seen in the autoradiograph in slot I, again
many proteins are phosphorylated in the presence of Mg™*
alone, but with added Ca®* there is a large increase in phos-
phorylation in the 51,000 and 62,000, and in this case in the
58,000, regions (slot 3; compare to slot 6, Fig. 4 B). There is
also a smaller increase in other protein regions on the gel (>M,
= 51,000); note especially the comparatively small increase in

£ PHOSPHORYLATION OF PSD PROTEINS ON SOS-PAGE
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FIGURE 3 Effect of Ca®* and calmoduiin on the phosphorylation
of PSD proteins. Separate PSD preparations (100 ug protein) from
six to eight different canine cerebral cortices were incubated with
[y-32PJATP for 3 min both in the absence or presence of 0.5 mM
Ca®* and 4 pg canine brain calmodulin as described in the text.
Various protein regions were cut out of the wet gels and counted in
10 ml double-distilled H>O. The data are expressed as the mean
(£SE) incorporation of phosphate into an individual protein region
per total PSD protein incubated (fmol/pug). When cyclic AMP was
used in place of Ca®* and calmodulin, the final concentration was
10 pM.
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FIGURE 4 Effects of freeze-thawing, EGTA, and chlorpromazine on
the calmodulin-activatable protein kinase activity in the PSD. PSDs
were homogenized and frozen in double-distilled H>O in a dry ice-
methanol bath and stored overnight at —80°C. The samples were
then thawed under warm running tap water and immediately put
on ice before use. The PSDs were then incubated with [y->2P]ATP
as described in the text. Slot 4 shows the Coomassie Blue-stained
gel of this freeze-thawed PSD preparation (75 ug protein). The
autoradiograms of the freeze-thawed PSDs incubated under varying
conditions are shown in slots 7-3. ( 7) PSDs incubated in the pres-
ence of 10 mM Mg?* alone. (2) Same as 7 but with the addition of
10 M cyclic AMP. (3) Same as 7 but with the addition of 0.5 mM
Ca®*. B shows the effects of both EGTA and chiorpromazine on
calmodulin-dependent protein kinase activity in the PSD. Slot 5
again shows the Coomassie Blue-stained gel of the freeze-thawed
PSD preparation (75 pg). Slots 6-8 show the autoradiograms of the
freeze-thawed PSD preparation incubated in the presence of [y-
82p]ATP and Ca’* and 3 ug canine brain calmodulin with the
following additions: (6) no additions (7) 1 mM EGTA, and (8) 1T mM
chlorpromazine.

protein I, + Ir. For comparison, the autoradiogram in slot 2
was made from PSDs incubated with Mg®* and cyclic AMP,
and as was shown in earlier papers (2, 57); there were two
proteins phosphorylated in the 70,000 M, region: protein I, (M,
= 73,000) and protein I, (M, = 68,000). Clearly the two protein
kinase systems in the PSD are different in both activator and
substrate requirements and, as will be shown later (cf. Table I),
in the nature of the two kinases.

The Ca*" and calmodulin activatability of the PSD protein
kinase activity was further tested and the data are summarized
in Fig. 4 B. Freeze-thawed PSDs that were used in the experi-
ment shown in Fig. 44 were incubated with [y-**P]ATP in the
presence of Mg®*, Ca®*, and calmodulin. The autoradiogram
in slot 7 shows that calmodulin-stimulated phosphorylation
was completely inhibited to the Mg** control level (see slot /,
Fig. 44) after Ca** chelation with EGTA, which will also
remove calmodulin from the PSD (26). An identical effect was
seen after the addition of 1 mM chlorpromazine (slot 8), an
antipsychotic agent known to bind to calmodulin in the pres-
ence of Ca®" (35). Complete inhibition of the calmodulin-
activatable kinase activity was also seen at 0.1 mM concentra-
tion of chlorpromazine (not shown).

To verify the calmodulin dependency of the increased phos-

phorylation, a calmodulin-deficient PSD preparation was pre-
pared as described in a previous paper (26), sonicated, and
incubated with [y-*’P]ATP, Mg”* and Ca®*. If the PSD had a
kinase dependent for Ca®* alone one might have been able to
expose the activity by sonication. However, one could not
induce a Ca® stimulation of protein kinase activity unless
exogenous calmodulin was added back to the system. As shown
in Fig. 5 A, the proteins whose phosphorylation was increased
in this reconstituted system were similar to those observed
when either exogenous calmodulin is added to a fresh, unal-
tered, PSD preparation (Fig. 2), or when Ca®* is added to a
freeze-thawed or sonicated PSD preparation (Fig. 4). In addi-
tion, the calmodulin-activatable protein kinase activity in the
reconstituted system reached saturation levels, and the final
level of total phosphate incorporated (65 fmol/ug total PSD
protein) was similar to that found for the native PSD prepa-
ration (67 fmol/ug total PSD protein) when incubated with
exogenous calmodulin (compare Fig. 5 B to Fig. 1). It appears
from these data that the PSD does indeed contain a calmodu-
lin-activatable protein kinase system, and that the calmodulin
which is reconstituted into the PSD is able to activate this
kinase, and probably is reconstituted into its proper place in
the structure.

What can we say about the possible identity of the PSD
proteins whose phosphorylation is increased in the presence of
calmodulin? One possibility is that the 51,000 M, protein
corresponds to one component of a brain intermediate filament
protein preparation of the same approximate molecular weight,
because the intermediate filament proteins are found in the
PSD preparations, but are believed to be contaminants (6, 33,
39). We therefore compared the gel mobilities of a purified
filament preparation with those of the phosphorylated PSD

TABLE |

Effect of the Inhibitor of the Cyclic AMP-dependent Protein
Kinase on the Calmodulin-activatable Protein Kinase in the

PSD
Increase relative to the
control
62,000 51,000
M; M,
Pro- pro- pro-
Additions* tein | tein tein
Cyclic AMP 1.6 0 0
Calmodulin 1.2 40 5.1
Cyclic AMP + calmodulin 2.7 4.0 53
+40 ug Inhibitor 1.7 4.0 5.5
+80 pg Inhibitor 17 45 53
+120 ug Inhibitor 1.5 4.2 5.0
+120 pg Inhibitor + chlorpromazine 0 0 0
Cyclic AMP + chlorpromazine 1.4 04 0.1
Cyclic AMP + 120 pg inhibitor 0.1 0 0.1
Calmodulin + chlorpromazine 0.4 0 0
Calmodulin + 120 pg inhibitor 1.3 42 5.1

Fresh PSDs (50 ug) were phosphorylated in the presence of 50 mM PIPES
(pH 7.0}, 10 mM MgCl,, 1T mM isobutylmethylxanthine, 0.2 mM EGTA, and
5 uM [y-*2P]ATP for 3 min at 30°C under the conditions given below. SDS
PAGE was performed as described in the text. After drying, the gel was
subjected to autoradiography and the regions corresponding to protein | (I,
+ lp), the 62,000 M, protein, and the major 51,000 M, PSD protein, were
scanned at 550 nm in a Gilford model 240 spectrophotometer (Gilford
Instrument Laboratories Inc., Oberlin, Ohio). The data are expressed as the
increase in peak intensity relative to the Mg®*-incubated control.

* The concentrations of the added components are as follows: 10 uM cyclic
AMP; 1 mM chlorpromazine; and 3 ug bovine brain calmodulin plus 0.5 mM
CaCls.
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FIGURE 5 Effect of calmodulin on phosphorylation of calmodulin-deficient PSDs. PSDs made deficient in calmodulin (26) were
incubated in the standard phosphorylation reaction mixture, as given in the text. In A, 100 ug calmodulin-deficient PSDs were
sonicated and then incubated in the presence of 0.5 mM Ca®* alone {slot 7) or with 4 ug canine brain calmodulin (slot 2). The
Coomassie Blue-stained gels are shown on the left and the corresponding autoradiograms are shown on the right. In B, 25 pg
calmodulin-deficient PSDs were incubated in the presence of Ca?* and increasing amounts (10'-10* ng) of canine brain
calmodulin. The reaction was stopped with 5% TCA-1% pyrophosphate and the samples counted for radioactivity as described in
the text. The data are expressed as femtomoles phosphate incorporated per microgram total PSD protein and the curve represents

the mean (xSE) of triplicate determinations.

proteins. Firstly, we found that the brain intermediate filament
preparation has an endogenous protein kinase activity, but this
activity was not activatable by calmodulin (data not shown).
Secondly, as seen in Fig. 6, the 51,000 M, component of the
brain intermediate filament preparation moves sometimes
slightly ahead of (Fig. 6 4) or sometimes behind (Fig. 6 B) the
major 51,000 M, phosphorylated band (cf. reference 19 for
variable electrophoretic behavior of filament proteins on SDS
gels). In addition, when PSDs are co-incubated with a brain
intermediate filament preparation, no increase in phosphoryl-
ation of the 51,000 M, region was observed (data not shown).
It therefore appears that the 51,000 M, region phosphorylated
by the endogenous calmodulin-protein kinase in the PSD
contains in fact the unique major cerebral cortex PSD protein
(6, 27, 33). An added proof is the observation that ['*Ijcalmo-
dulin was found to bind strongly to the 51,000 M, region and
not to any of the brain filament proteins on SDS PAGE gels
(5, 7, 8). We are still not certain that there is only one protein
in the 51,000 M, region, since the protein is highly insoluble
and resists purification. However, the available evidence (6)
strongly suggests that there is only one protein that is phospho-
rylated and that binds calmodulin.

We would now like to present some evidence that the
calmodulin-activatable protein kinase phosphorylates domains
in this 51,000 M; PSD protein which are different from those
phosphorylated by the general kinase activity, rather than
increasing the phosphorylation of the same domains. PSDs
were phosphorylated in the absence or presence of calmodulin
and subjected to SDS PAGE as described in the text. The
51,000 M, PSD protein, which was well separated on the gel

444  The Journal OF CELL BIOLOGY - VOLUME 89, 1981

from the 51,000 M, brain intermediate filament protein, and
assumed to be pure, was digested with papain and the phos-
phorylated polypeptide fragments analyzed by autoradiogra-
phy (cf. Fig. 7). In addition to the quantitative differences (3.3
times more phosphate incorporation in the presence of calmo-
dulin), there was a significant qualitative difference in phos-
phate incorporation into the various papain-produced peptide
fragments. As seen in Fig. 7, papain proteolysis of the 51,000
M, protein phosphorylated in the presence of Mg” alone
yielded three discernible radioactive peptide fragments: M,’s
= 14,800 (1), 12,300 (2), and 10,950 (3). Approximately 50% of
the phosphate incorporated into the entire 51,000 M, protein
occurred in the 12,300 M, peptide fragment, while 25 and 10%
of the total phosphate was incorporated into the 10,950 M, and
14,800 M, peptide fragments respectively. In contradistinction,
the overall autoradiographic pattern of the proteolysis products
of the 51,000 M, protein after calmodulin-activatable phospho-
rylation was significantly different, yielding two additional
radioactive peptide fragments: M,’s = 9,350 (4) and 8,150 (5).
It should also be noted that phosphate incorporation into the
smaller M, peptides (2 to 5) were similar: 20-25% of the total
incorporated phosphate. So it appears that not only is there an
overall increase in the amount of phosphate incorporated into
the 51,000 M, protein catalyzed by the PSD calmodulin-acti-
vatable protein kinase, but the kinase acts to phosphorylate
sites in this protein different from, and significantly apart,
those acted upon by the more general kinase activity(s) present
in the PSD. We assume that there is only one major phospho-
rylated protein in this region (6). However, it is possible that
two populations of the 51,000 M, protein exist in the cerebral



cortex PSD, one phosphorylated by the Mg**-protein kinase,
and the other by the calmodulin-activatable protein kinase
which binds calmodulin (8).

Because tubulin was known to be an intrinsic part of the
PSD (3, 20, 33, 40), although the actual amounts appear to be
questionable (9), we decided to determine whether the 62,000
M, region whose phosphorylation is increased by calmodulin,
as well as the 58,000 M, region whose phosphorylation was
also occasionally increased by calmodulin, were the alpha or
beta subunits of tubulin respectively. Again, a comparison was
made of the gel motilities of the tubulin preparation and the
phosphorylated PSD proteins. Again we found that canine
brain tubulin prepared by the assembly-disassembly procedure
of Gaskin et al. (23), had an endogenous protein kinase activity
that was independent of added calmodulin (data not shown).
Although only the tubulin-associated proteins were phospho-
rylated, none of these phosphorylations were calmodulin-acti-
vatable. On a 5-15% SDS PAGE gel the beta subunit of tubulin
migrated behind the major 51,000 M, phosphorylated band,
but the alpha subunit did co-migrate on this gel with the 58,000
M, protein whose phosphorylation was occasionally increased
by the addition of calmodulin (data not shown). However, on
a 5-10% SDS PAGE gel the alpha subunit of tubulin moved
between the 62,000 and 58,000 M, phosphorylated proteins,
while the beta-subunit moved between the 58,000 and 51,000
M, bands (27). In addition, co-incubation of tubulin with the
PSD did not increase the phosphorylation of the 58,000 M,
region (not shown), nor were the tubulin subunits found to
bind calmodulin on gels (5, 7, 8). Thus, it appears that none of
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FIGURE 6 Comparison of the 51,000 M, PSD protein to the 51,000
M, component of the brain intermediate filament protein prepara-
tion. PSDs (80 pg) were incubated with [y-*2P]ATP and SDS PAGE
performed as described in the text. A and B show the data from two
identical experiments using different PSD preparations, but incu-
bated and run on SDS PAGE under similar conditions. ( 7) Autora-
diogram of the PSD incubated in the presence of 10 mM Mg?*
alone. (2) Autoradiogram of the PSD incubated as in 7 but with the
addition of 0.5 mM Ca®* and 3 ug canine brain calmodulin. (3)
Coomassie Blue-stained gel of the PSD preparation (80 ug protein).
(4) Coomassie Blue-stained gel of the brain intermediate filament
preparation (10 ug).
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FIGURE 7 A scan of the autoradiogram after limited proteolysis by
papain of the phosphorylated 51,000 M, PSD protein. A PSD fraction
(100 ug) was phosphorylated in the absence or presence of Ca?*
plus 3 ug bovine brain calmodulin, and then subjected to SDS PAGE
as described in the text. After electrophoresis the gel was briefly
stained and destained, and the portion of the gel containing the
major 51,000 M, PSD protein band, which was easily separated from
the marker 51,000 M, intermediate brain filament protein, was cut
out and soaked in 54 mM Tris-sulfate (pH 6.1) for 1 h. In this
experiment 3.3 times more 32pQ, was incorporated into the 51,000
M, protein in the presence of Ca?* plus caimodulin than in the
Mg?*-incubated control (3 fmol vs. 0.7 fmol phosphate/ug total PSD
protein respectively). After soaking in buffer, the protein band was
subjected to a second SDS gel electrophoresis (15% separating gel
with a 3% stacking gel) in the absence or presence of 1 ug papain
according to the method of Cleveland et al. (10), except that the
Neville buffer system (42) was used. After drying, the gel was
subjected to autoradiography and the exposure time normalized so
that the intensities of the 51,000 M, regions in both the Mg®* and
Ca®*/calmodulin samples were identical. Scanning of the autora-
diogram was performed at 550 nm using the Zeiss Spektraphotom-
eter PM6. The figure is a composite of the scan of three slots, the
untreated 51,000 M, protein, and the two papain-treated samples.
The phosphorylated band seen above the 51,000 M, protein region
is probably an aggregated form of the 51,000 M, protein that failed
to enter the separating gel. The estimated M,’s of phospho-peptide
peaks 7-5, as compared to standards run at the same time are: ( 7)
14,800; (2) 12,300; (3) 10,950; (4) 9,350; and (5) 8,150.

the phosphorylated proteins are identifiable as tubulin proteins. .
We do have tentative evidence that the increased phospho-
rylation in the 62,000 M, region may be on the calmodulin-
activatable cyclic nucleotide-phosphodiesterase which is found
in the PSD (29). Both the calmodulin-binding proteins, calci-
neurin A subunit and the catalytic subunit of the calmodulin-
dependent cyclic nucleotide-phosphodiesterase, both obtained
through the kind courtesy of Dr. Claude Klee at the NIH,
migrate to this 62,000 M, region, but can be separated on our
gel system. However, the calmodulin-increased phosphoryla-
tion of the PSD proteins in this region appears to occur on the
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phosphodiesterase, rather than on the calcineurin A, for the
increased phosphorylation occurs at the protein band migrating
similarly to the phosphodiesterase rather than to the calcineurin
A (27). Relevant to these findings, we found that *I-calmo-
dulin binds to the calcineurin/phosphodiesterase protein re-
gion on gels (5, 7, 8).

We have been unable to purify and positively identify the
protein kinase responsible, since it seems to resist extensive
solubilization. Co-incubation of the PSD preparation with
phosphorylase b, glycogen synthase, as well as with myosin
light chains from canine skeletal muscle, substrates known to
require a calmodulin-dependent protein kinase (12, 14, 15, 18,
24, 30, 41, 53, 56, 59, 60, 62, 64), did not induce any phospho-
rylation in the substrate proteins used. Histone II-AS and
phosvitin were also not phosphorylated by the PSD kinase. It
may well be that the substrates tested here, as well as earlier
(brain filaments or tubulin), were unavailable to bind to the
catalytic site of the calmodulin-activatable protein kinase pres-
ent in the PSD as isolated.

As described earlier with regard to the data shown in Figs.
3 and 4 4, the PSD calmodulin-activatable protein kinase can
phosphorylate the protein substrates for the endogenous cyclic
AMP-dependent protein kinase, proteins I, and Iy, although
not as intensely as it does the 51,000 and 62,000 M, regions. In
view of this observation, experiments were done to decipher
what interrelationships, if any, exist between these two endog-
enous PSD protein kinase systems. A fresh PSD preparation
was phosphorylated in the presence of Mg”* and with cyclic
AMP or calmodulin alone or in combination, together with the
specific inhibitor of the catalytic subunit of cyclic AMP-de-
pendent protein kinases (1) or with the calmodulin inhibitor
chlorpromazine (35). As seen in Table I, the phosphorylation
of protein I (I, and I,,) increased to a similar degree when PSDs
were incubated in either the presence of cyclic AMP (160%) or
calmodulin (129%). When both activators were incubated to-
gether, the effect on the increase of protein I phosphorylation
was almost additive (270%). In contrast to this result, while
calmodulin caused a dramatic increase in phosphate incorpo-
ration into the 51,000 and 62,000 M, protein regions, cyclic
AMP failed to have any significant effect on the phosphoryla-
tions of these two proteins. As can also be seen in the table, the
cyclic AMP-dependent protein kinase inhibitor almost com-
pletely blocked the cyclic AMP activation of protein I phos-
phorylation, yet it had no effect on preventing the calmodulin-
induced phosphorylation of both 51,000 and 62,000 M, pro-
teins. If calmodulin was also present in the incubation media
together with cyclic AMP, the inhibitor protein was only able
to reduce the total additive activation of protein I phosphoryl-
ation from 270 to 150%, while virtually having no effect on the
phosphorylation of the substrate proteins for the calmodulin
protein kinase. When the PSDs were incubated with calmo-
dulin plus chlorpromazine, the phosphorylation of the 51,000
and 62,000 M., proteins was completely blocked, while protein
I phosphorylation was inhibited some 67%. Chlorpromazine
had little effect on cyclic AMP induced phosphorylation of
protein I. Finally, the presence of both the inhibitor and
chlorpromazine effectively blocked the activation of the phos-
phorylation of all three substances when both calmodulin and
cyclic AMP were added together. The above data taken to-
gether indicate that although the calmodulin-activatable pro-
tein kinase may in fact phosphorylate protein I at a site
different from the cyclic AMP-dependent protein kinase in the
PSD, as suggested by recent work with synaptosomes (31, 34),
the reverse situation, however, is unlikely. That is, the cyclic
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AMP protein kinase does not interact with the substrates for
the calmodulin-activatable kinase system. Perhaps the calmo-
dulin system is a more general one, one preferring the 51,000
and 62,000 M, proteins not because of any strict substrate
specificity, but because of some strict geometry inherent in the
PSD structure.

DISCUSSION

In the present study, we describe the presence of a calmodulin-
activatable protein kinase activity in our Triton X-100 derived
PSD preparation which can stimulate the phosphorylation of
mainly two endogenous PSD proteins of ~51,000 and 62,000
M.. This activity appears to be located on the surface of the
native structure, since it is accessible to the addition of exoge-
nous calmodulin. This accessibility is in contrast to the cal-
modulin-activatable cyclic nucleotide phosphodiesterase activ-
ity present in the PSD (29) which cannot be activated by the
addition of exogenous calmodulin. Another interesting differ-
ence between the kinase and phosphodiesterase activities in the
PSD is that the former enzyme can be activated by the endog-
enous-calmodulin in the presence of Ca®* after mild sonication
or freeze-thawing, whereas similar treatment or even extensive
sonication has little or no effect on the latter enzyme. The
possible reasons for this lack of activation of the phosphodi-
esterase have been pointed out in the previous paper (29).

Schulman and Greengard (50, 51) recently showed that
added calmodulin stimulated the phosphorylation of two pro-
teins of 51,000 and 62,000 M; in lysed synaptosomes and in a
crude synaptic membrane (SM) preparation. Because the PSD
is part of the synaptosome and synaptic membrane fractions,
we compared the level of phosphorylations between them.
Using millimolar concentrations of ATP to prevent substrate
depletion (43, 44), and using a similar SM preparation, we find
a twofold increase by calmodulin in the phosphorylation of
these two protein regions in the PSD isolated from this SM
preparation (data not shown), suggesting that the proteins
phosphorylated in the SM preparation are probably PSD in
origin. Although they did not look for a calmodulin-activatable
protein kinase activity, Ng and Matus (44), using millimolar
ATP concentrations, also find that the specific activity of
general phosphoprotein labeling is some twofold higher in the
PSD than in the parent SM preparation, again suggesting that
the majority of the phosphorylation reactions observed in the
SM are caused by the PSD which is a part of it. If exogenous
calmodulin can stimulate a protein kinase activity in SM
preparations, presumably of PSD origin, it is not unreasonable
to assume that the protein kinase in the PSD is located on the
surface of the structure facing the cell cytosol, because if it
were present on the PSD surface attached to the membrane
facing the synaptic cleft, protein kinase activation might be
blocked by the presence of the synaptic membrane.

Besides possessing an intrinsic calmodulin-activatable pro-
tein kinase system, the PSD has previously been shown to
contain a cyclic AMP-dependent protein kinase as well as its
substrates: proteins I, and I, (2, 57). We have shown here that
these two kinase systems are different: while the calmodulin
system can somewhat phosphorylate protein I, it seems to
prefer the 51,000 and 62,000 M., proteins as substrates; in
addition, the cyclic AMP system cannot phosphorylate the
51,000 and 62,000 M, proteins; and finally, the specific inhibitor
of the cyclic AMP-dependent protein kinase has no effect on
the calmodulin-activatable kinase.

Other proteins associated with the PSD may also have



protein kinase activities and be responsible for the general
phosphorylation activity obtained by the addition of only ATP
and Mg”*. For example, canine brain tubulin prepared by the
assembly-disassembly procedure of Gaskin et al. (23) has an
endogenous protein kinase activity that phosphorylates many
tubulin-associated proteins and is not dependent on calmodulin
for activation. There are several reports in the literature de-
scribing a tubulin-associated protein kinase activity (17, 21, 25,
32, 48, 55); however, the literature is inconsistent as to the
substrate proteins which are phosphorylated, and as to the
source of the kinase itself. Nonetheless, because tubulin is
intrinsic to the PSD (3, 20, 33, 40), although the actual amounts
are rather questionable (9), it is possible that tubulin-associated
kinase(s) contribute to the general PSD phosphorylation ob-
served in the presence of Mg”". Also a canine brain neurofila-
ment (intermediate) protein preparation was found to have an
endogenous protein kinase associated with it, but again, it was
not dependent on added calmodulin. This finding is in com-
formity with a recent report (16) that a kinase co-purifies with
brain neurofilaments and that this kinase activity is not cyclic
AMP nor Ca®* dependent. Also, Pant et al. (46) have reported
that neurofilament protein from squid giant axon is phospho-
rylated, and this appears to be a general property of neurofil-
aments from different sources (52). Phosphorylation is also
found for intermediate filaments from non-neuronal sources
(4, 45), and may be a general property of intermediate filaments
(45). Whether or not neurofilaments have an associated specific
kinase is a point of question, but it is possible that a kinase
that phosphorylates neurofilament protein is not intrinsic to
the PSD because neurofilaments seem to be a contaminant in
the PSD preparation (6, 33, 39); however, such kinase activity
can contribute to the overall background phosphorylation seen
in the presence of only Mg®*. Singh and Spritz (54) reported
that highly purified myelin from peripheral nerve contains at
least two endogenous protein kinases. One kinase is membrane
bound and can phosphorylate endogenous substrate proteins
as well as phosvitin, and is not inhibited by an inhibitor of the
cyclic AMP-dependent protein kinase. The other kinase is
readily washed out by KCl, utilizes histone, and is inhibited by
the kinase inhibitor. Because our PSD preparation has been
washed with KCl during the isolation procedure, it is posible
that if any contaminating kinase of myelin origin were present
in the PSD it would be related to the KCl-insoluble myelin
protein kinase species. It is thus possible that the isolated PSD
preparation has at least two contaminating protein kinase
systems, so one has to be careful to dissect the intrinsic from
contaminating protein kinase systems not only in the PSD, but
for other subcellular organelles as well. However, we believe
that the calmodulin-activatable protein kinase is intrinsic to
the PSD, because it has proved difficult to solubilize prepara-
tory to purification, either with extensive sonication, or with
150 mM KCl, or with 100 mM EGTA which does remove
several proteins (3); it seems to be concentrated in the PSD
over a synaptic membrane fraction; and its major substrate, the
51,000 M, protein, is a highly insoluble PSD protein. The
problems of interpreting phosphorylation data have also been
addressed recently by Matus et al. (38).

Calcium and cyclic nucleotides as secondary messengers
have been implicated to play interrelated roles in modulating
information transfer within the cell (49). What connection, if
any, exists between Ca®* and cyclic AMP within the PSD, and
does this connection have any influence upon synaptic trans-
mission? The PSD does have an endogenous calmodulin-acti-
vatable protein kinase activity and at least two specific substrate

proteins: 51,000 and 62,000 M,. The PSD also contains a cyclic
AMP-dependent protein Kinase activity and two other specific
substrates: proteins I, and Iy (2, 57). In addition, the PSD
contains at least two cyclic nucleotide phosphodiesterases one
of which is calmodulin-activatable (29). Thus, at least at the
level of the PSD, there are two areas of interrelationship
between cyclic AMP and calmodulin. Firstly, cyclic AMP levels
can be directly altered by Ca®" activation of the calmodulin-
stimulatable phosphodiesterase present, thereby altering the
effects of cyclic AMP-dependent protein kinase in the PSD.
Because the endogenous calmodulin-activatable protein kinase
may possibly phosphorylate the catalytic subunit of the cal-
modulin-dependent phosphodiesterase, another control may
be imposed on the system; however, the effect of phosphoryl-
ation is, as yet, speculative.

Although we would like to define the exact nature of the
interrelationships between the calmodulin and the cyclic AMP
systems present in the PSD with regard to synaptic transmis-
sion, we can only, at best, make preliminary speculations.
Firstly, we assume that both systems are in the same PSD
structure. However, because our PSD preparation is undoubt-
edly a mixture of PSDs from different types of synapses, with
regard to the neurotransmitters involved, we cannot be sure of
this assumption. However, we do feel that these two systems
are somehow involved in the modulation of the propagation of
postsynaptic potentials. Recently, we have isolated PSDs from
both cerebral cortex and cerebellum (6, 27) and find that
calmodulin, as well as the calmodulin- and cyclic AMP-acti-
vatable protein kinase activities, and as well as the major
51,000 M, protein which is phosphorylated by the calmodulin-
activatable protein kinase, are much enriched in PSDs isolated
from cerebral cortex as compared to PSDs isolated from the
cerebellum. Because the PSDs isolated from the cerebral cortex
may have been derived from excitatory synapses, whereas those
isolated from the cerebellum appear to be derived from inhib-
itory synapses (6, 27), it is not unreasaonable to assume that
both the calmodulin and cyclic AMP protein kinase systems
together play a significant role in the excitation response.

Another possibility for the physiological role of the protein
kinase arises from the results from DeLorenzo’s laboratory (cf.
reference 13). They found that calmodulin stimulates the phos-
phorylation of two synaptic vesicle-associated proteins of M.
= 51,000-54,000 and M, = 62,000-63,000. Whether these two
proteins are the same as the PSD 51,000 and 62,000 M., proteins
is not known at present, but it is intriguing that two proteins of
very similar M, values, located at both sides of the synapse, are
phosphorylated by a calmodulin-activatable protein kinase. If
these proteins are the same, or similar, it could signify a Ca%'/
calmodulin-mediated postsynaptic regulation of presynaptic
neurotransmitter release via the synaptic vesicles, for the release
mechanism seems to involve a calmodulin-activatable phos-
phorylation of the synaptic vesicle proteins (13). This idea of
a relationship between the PSD and presynaptic vesicles is
strengthened by the finding (2, 57) that a cyclic AMP-depend-
ent protein kinase increases the phosphorylation of two pro-
teins, proteins I, and Iy, both in PSD and in synaptic vesicles;
again at both sides of the synapse. Depolarizing conditions,
which increase Ca®* transport across synaptosomal mem-
branes, also increase the phosphorylation of these same two
proteins in synaptosomes (34) and in cerebral cortex slices (22).

We would like to extend our appreciation to Dr. Claude Klee (NIH)
for her generous gifts of the highly purified calmodulin-dependent
cyclic nucleotide phosphodiesterase and of the calcineurin used in this

GRAB ET AL, Function of Calmodulin in Postsynaptic Densities. Il 447



study. We also gratefully acknowledge Julie-Ann Bondar for technical
expertise, and Gemma Vella for typing of this manuscript.

We would like to thank the following agencies for their partial
support for this project: NIH Postdoctoral Fellowship 1 F32-NS095693
to D. J. Grab, NIH Postdoctoral Fellowship 5 F32-NS06005 to R. K.
Carlin, and NIH grant NS-12726 to P. Siekevitz.

This work was presented in part at the 1979 Annual Meeting of the
American Society for Cell Biology (28).

Received for publication 30 October 1980, and in revised form 3 February
1981.

REFERENCES

I. Ashby, C. D, and D. A. Walsh. 1972. Characterization of the interaction of a protein
inhibitor with adenosine 3',5’-monophosphate-dependent protein kinases. J. Biol. Chem.
247:6637-6642.

. Berzins, K., R. S. Cohen, F. Blomberg, P. Siekevitz, T. Ueda, and P. Greengard. 1978.
Specific occurrence in post-synaptic density (PSD) and synaptic vesicles (SV) of two
proteins phosphorylated by a CAMP-dependent protein kinase. J. Cell Biol. 79 (2, Pt. 2):
96a (Abstr.).

. Blomberg, F., R. S. Cohen, and P. Siekevitz. 1977. Structure of postsynaptic densities
isolated from dog cerebral cortex II. Characterization and arrangement of some of the
major proteins within the structure. J. Cell Biol. 74:204-225.

4, Cabral, F., and M. M. Gottesman. 1979. Phosphorylation of the 10-nm filament protein
from Chinese hamster ovary cells. J. Biol. Chem. 254:6203-6206.

. Carlin, R. K., D. J. Grab, and P. Siekevitz. 1980. The calmodulin binding proteins of the
postsynaptic density. Fed. Proc. 38:1658.

. Carlin, R. K., D. J. Grab, and P. Siekevitz. 1980. Isolation and characterization of
postsynaptic densities from various brain regions: Enrichment of different types of
postsynaptic densities. J. Cell Biol. 86:831-843.

7. Carlin, R. K., D.J. Grab, and P. Siekevitz. 1980. The binding of radioiodinated calmodulin
to proteins on denaturing gels. Ann. N. Y. Acad. Sci. 356:73-74.

8. Carlin, R. K., D. J. Grab, and P. Siekevitz. 1981. Function of calmodulin in postsynaptic
densities. ITI. Calmodulin-binding proteins of the postsynaptic density. J. Cell Biol 89:
449-455.

9. Carlin, R. K., D. J. Grab, and P. Siekevitz. 1980. Tubulin and the isolation of postsynaptic
densities. J. Cell Biol. (2, Pt. 2):69a (Abstr.).

10. Cleveland, D. W., S. G. Fisher, M. W. Kirschner, and V. I. Laemmii. 1977. Peptide
mapping by limited proteolysis in sodium dodecyl sulfate and analysis by gel electropho-
resis. J. Biol. Chem. 252:1102-1106.

t1. Cohen, R. S., F. Biomberg, K. Berzins, and P. Siekevitz. 1977. Structure of postsynaptic
densities isolated from dog cerebral cortex: 1. Overall morphology and protein composition.
J. Cell Biol. 74:181-203.

12. Cohen, P.. A. Burchell, J. G. Foulkes, T. W. Cohen, T. C. Vanaman, and A. C. Nairn.
1978. Identification of the Ca**-dependent modulator protein as the fourth subunit of
rabbit skeletal muscle phosphorylase kinase. FEBS (Fed. Eur. Biochem. Soc.). Leut. 92:
287-293.

13, DeLorenzo, R. J., S. D. Freedman, W. B, Yohe, and S. C. Maurer. 1979, Stimulation of
Ca”* -dependent neurotransmitter release and presynaptic nerve terminal protein phos-
phorylation by calmodulin and a calmodulin-like protein isolated from synaptic vesicles.
Proc. Natl. Acad. Sci. U. S. A. 76:1838-1842.

14. Drabrowska, R., D. K. Aromatorio, J. M. F. Sherry, and D. J. Hartshorne. 1977.
Composition of the myosin light chain kinase from chicken gizzard. Biochem. Biophys.
Res. Commun. 78:1263-1272.

15. Drabrowska, R.,J. M. F. Sherry, D. K. Aromatorio, and D. J. Hartshorne. 1978. Modulator
protein as a component of the myosin light chain kinase from chicken gizzard. Biochem-
istry. 17:253-258.

16. Eagles, P. A. M., D. S. Gilbert, J. M. Hopkins, A. Maggs, and C. Wais. 1980. Neurofilament
structure and enzymatic modification. Cel! Biol. Int. Rep. 4731.

17. Eipper, B. A. 1974. Rat brain tubulin and protein kinase activity. J. Biol. Chem. 249:1398-
1406.

18. Embi, M., D. B. Rylatt, and P. Cohen. [979. Glycogen synthase kinase and phosphorylase
kinase are the same enzyme. Eur. J. Biochem. 100:339-347.

19. Feit, H., V. Neudeck, and J. Shay. 1977. Anomolous electrophoretic properties of brain
filament protein subunits. Brain Res. 133:341-349,

20. Feit, H., P. Kelly. and C. W, Cotman. 1977. Identification of a protein related to tubulin

in the postsynaptic density. Proc. Natl. Acad. Sci. U. S. A. 74:1047-1051.

Forgue, S. T, and J. T. L. Dahal. 1979. Rat brain tubulin: Subunit heterogeneity and

phosphorylation. J. Neurochem. 32:1015-1025.

22. Forn, J., and P. Greengard. 1978. Depolarizing agents and cyclic nucleotides regulate the
phosphorylation of specific neuronal proteins in rat cerebral cortex slices. Proc. Natl.
Acad. Sci. U. S. A. 75:5195-5199.

23, Gaskin, F., C. R. Cantor, and M. L. Shelanski. 1975. Biochemical studies on the in vitro
assembly and disassembly of microtubules. Ann. N.Y. Acad. Sci. U. S. A. 253:133-146.

24. Gergely, P., A. G. Castle, and N. Crawford. 1980. Platelet phosphorylase kinase activity
and its regulation by the calcium-dependent regulator. Biochim. Biophys. Acta. 612:50-55.

25. Goodman, D. B. P., H. Rasmussen, F. Dibella, and C. E. Guthrow. 1970. Cyclic adenosine
3’5" monophosphate-stimulated phosphorylation of isolated neurotubule subunits. Proc.
Natl. Acad. Sci. U. S. A. 67:652-659.

26. Grab, D. J., K. Berzins, R. S. Cohen, and P. Siekevitz. 1979. Presence of calmodulin in
postsynaptic densities isolated from canine cerebral cortex. J. Biol. Chem. 254:8690-8696.

27. Grab, D.J.. R. K. Carlin. and P. Siekevitz. 1980. The presence and function of calmodulin
in the postsynaptic density. Ann. N. Y. Acad. Sci. 356:55-72.

28. Grab, D. J.. and P. Siekevitz. 1979. Calmodulin-dependent protein kinase activity in
postsynaptic densities. J. Cell Biol. 83(2, Pt. 2):131a (Abstr.).

&

w

w

o

21.

448 THe JOURNAL OF CELL BIOLOGY « VOLUME 89, 1981

29.

30.

3L

32

33.

34,

35.

36.

37.

38.

49.

40.

41,

42.

43.

45.

47.

48.

49.

50.

S

52.

53.

54.

55.

56.

57.

58.

Y

59.

60.

61.

62.

63.

64,

Grab, D. J., R. K. Carlin, and P. Siekevitz. 1981. Function of calmodulm in postsynapuc
densities. 1. P of a calmoduli ivatable cyclic nucleotide phosp ase. J.
Cell Biol. 89:433-439.

Hathaway, D. R., and R. §. Adelstein. 1979. Human platelet myosin light chain kinase
requires the calmodulin-binding protein caimodulin for activity. Proc. Natl. Acad. Sci. U.
S. A. 76:1653-1657.

Huttner, W. B, and P. Greengard. 1979. Multiple phosphorylation sites in Protein I and
their differential regulation by cyclic AMP and calcium. Proc. Natl. Acad. Sci. U. S. A.76:
5402-5406.

Ikeda, Y., and M. Steiner. 1979. Phosphorylation and protein kinase activity of platelet
tubulin. J. Biol. Chem. 254:66-74.

Kelly, P. T., and C. W. Cotman. [978. Synaptic proteins: Characterization of tubulin and
actin and identification of a distinct postsynaptic density protein. J. Cell Biol. 79:173-183.
Krueger, B. K., J. Forn, and P. Greengard. 1977. Depolarization induced phosphorylation
of specific proteins, mediated by calcium ion influx, in rat brain synaptosomes. J. Biol.
Chem. 252:2764-2773.

Levin, R. M., and B. Weiss. 1976. Mechanism by which psychotropic drugs inhibit
adenosine cyclic 3',5'-monophosphate phosphodiesterase of brain. Mol. Pharmacol. 12:
581-589.

Liem, R. K. H., S. H. Yen, G. D. Salomon, and M. KL. Shelanski. 1978. Intermediate
filaments in nervous tissue. J. Cell Biol. 79:637-645.

Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951. Protein measurement
with the Folin phenol reagent. J. Biol. Chem. 193:265-275.

Matus, A. I, M. L. Ng, and J. P. Mazat. 1979. Protein phosphorylation in synaptic
membranes: Problems of Interpretation. In 1" FMI-EMBO Workshop on Protein Phos-
phorylation and Bio-Regulation. G. Thomas, E. Podesta, and J. Gordon, editors. S.
Karger, Basel. In press.

Matus, A. 1, G. Pehling, M. Ackermann, and J. Maeder. 1980. Brain postsynaptic densities:
Their relationship to glial and 1 fil J. Cell Biol. 87:346-359.

Matus, A. L, and D. H. Taff-Jones. 1978. Morphological and molecular composition of
isolated postsynaptic junctional structures. Proc. Roy. Soc. Lond. B. 203:135-151.

Nairn, A. C, and 8. V. Perry. 1979. Calmodulin and myosin light-chain kinase of rabbit
fast skeletal muscle. Biochem. J. 179:89-97.

Neville, D. M., Jr. 1971. Molecular weight determination of protein-dodecyl sulfate
complexes by gel electrophoresis in a discontinuous buffer system. J. Biol. Chem. 246:
6328-6334.

Ng, M., and A. Matus. 1979. Protein phosphorylation in isolated plasma membranes and
postsynaptic junctional structures from brain synapses. Neuroscience. 4:169-180.

. Ng, M., and A. Matus. 1979. Long duration phosphorylation of synaptic membrane

proteins. Neuroscience. 4:1265-1274.

O'Conner, C. M., D. R. Balzer, and E. Lazarides. 1979. Phosphorylation of subunit
proteins in intermediate filaments from chicken muscle and nonmuscle cells. Proc. Nail.
Acad. Sci. U. S. A. 76:819-823.

. Pant, H. C., G. Shecket, H. Gainer, and R. J. Lasek. 1978. Neurofilament protein is

phosphorylated in the squid giant axon. J. Cell Biol. 78:R23-R27.

Pires, L., and S. V. Perry. 1977. Purification and properties of myosin light-chain kinase
from fast skeletal muscle. Biochem. J. 167:137-146.

Rappaport, L., J. R. Leterries, A. Virion, and J. Nunez. 1976. Phosphorylation of
microtubule-associated proteins. Eur. J. Biochem. 62:539-546.

Rasmussen, H,, and D. E. P. Goodman. 1977. Relationships between calcium and cyclic
nucleotides in cell activation. Physiol. Rev. 57:421-507.

Schulman, H., and P. Greengard. 1978. Stimulation of brain membrane protein phospho-
rylation by caicium and an endogenous heat-stable protein. Nature (Lond.). 271:478-479.
Schumlam, H., and P. Greenhard. 1978. Ca**-dependent protem phosphorylauon system
in membranes from various tissues, and its activation by cal

Proc. Natl. Acad. Sci. U. S. A. 75:5432-5436.

Shecket, G., and R. J. Lasek. [979. Phosphorylation of neurofilament protein. J. Cell Biol.
83:143a (Abstr.).

Shenoliker, S., P. T. W. Cohen, P. Cohen, A. C. Nairn, and S. V. Perry. 1979. The role of
calmodulin in the structure and regulation of phosphorylation kinase from rabbit skeletal
muscle. Eur. J. Biochem. 100:329-337.

Singh, H., and N. Spritz. 1976. Protein kinases associated with peripheral nerve myelin. 1.
Phosphorylation of endogenous myelin proteins and exogenous substrates. Biochim.
Biophys. Acta. 448:325-327.

Sioboda, R. D., S. A. Rudolph, J. L. Rosenbaum, and P. Greengard. 1975. Cyclic AMP-
dependent endogenous phosphorylation of microtubule-associated proteins. Proc. Natl
Acad. Sci. U. S. 4. 72:177-181.

Srivastava, A. K., D. M. Waisman, C. O. Bromstrom, and T. R. Soderling. 19795.
Stimulation of glycogen synthase phosphorylation by calcium-dependent regulator pro-
tein. J. Biol. Chem. 254:583-586.

Ueda, T., P. Greengard, K. Berzins, R. 8. Cohen, F. Blomberg, D. J. Grab, and P.
Siekevitz. 1979. Subcellular distribution in cerebral cortex of two proteins phosphorylated
by a cAMP dependent protein kinase. J. Cell Biol. 83:308-319.

Waisman, D. M.. T. 1. Singh, and J. H. Wang. 1978. The modulator-dependent protein
kinase. A muitifunctional protein kinase activatable by the Ca**-dependent modulator
protein of the cyclic nucleotide system. J. Biol. Chem. 253:3387-3390.

Walsh, M. P., B. Valler, F. Autric, and J. G. Demaille. 1979. Purification and characteri-
zation of bovine cardiac calmodulin-dependent myosin light chain kinase. J. Biol Chem.
254:12136-12144.

Walsh, M. P., B. Vallet, J. C. Cavadore, and J. G. Demaille. 1980. Homologous calcium-
binding proteins in the activation of skeletal, cardiac, and smooth muscle myosin light
chain kinases. J. Biol Chem. 255:335-337.

Watterson, D. M., W. G. Jr. Harrelson, P. M. Keller, F. Sharief, and T. C. Vanaman.
1976. Structural similarities between the Ca**-dependent regulatory proteins of 3',5"-cyclic
nucleotide phosphodiesterase and actomyosin ATPase. J. Biol. Chem. 25:4501-4513.
Yagi. K., M. Yazawa, S. Kakiuchi, M. Ohimu, and K. Uemshx 1978. Identification of an
activator protein for myosin light chain kinase as the Ca**-dependent modulator protein.
J. Biol. Chem. 253:1338-1340.

Yamauchi, T., and T. Fujisawa. 1979. Most of the Ca**-dependent endogenous phospho-
rylation of rat brain cytosol proteins requires Ca®*-dependent regulator protein, Biochem.
Biophys. Res. Commun. 90:1172-1178.

Yazawa, M., H. Kuwayama, and K. Yagi. 1978. Modulator protein as a Ca**-dependent
activator of rabbit skeletal myosin light-chain kinase. J. Biochem. Tokyo 84:1253-1258.

P b



