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Abstract 

The subcellular distribution of Ca*+- and calmodulin-de- 
pendent myosin light chain phosphorylating activity in rat 
cerebral cortex was studied. The activity showed a high 
degree of association to nerve endings (either crude or 
purified by discontinuous sucrose density gradient centrifu- 
gation). After osmotic shock of the nerve endings, the activity 
was largely membrane associated and could not be released 
from membranes by freeze-thawing, dilution, 75 rnrv NaCl or 
4 mM EDTA. 

The association of Ca*+/calmodulin-dependent myosin 
light chain phosphorylating activity with synaptosomal mem- 
branes suggests a role for calcium-dependent myosin phos- 
phorylation in events relating to neurotransmission. 

The contractile proteins myosin and actin have been known for 
many years to be present in neural tissue in a variety of species 
(see Trifaro, 1978, for review). Bert et al. (1973) hypothesized that 
calcium-dependent neurotransmitter release involves actin-myosin 
interaction in a fashion analogous to calcium-dependent excitation- 
contraction coupling in muscle. More recently, the involvement of 
actomyosin in other neuronal functions, such as axonal growth 
(Letourneau, 1981) axoplasmic transport (Lasek and Hoffman, 
1976) and modulation of postsynaptic surface morphology (Cotman 
and Kelly, 1980) has been suggested. The localization of these 
proteins supports the possibility of their involvement in such neuronal 
events. Actin and myosin have been identified in isolated nerve 
endings (synaptosomes) by enzymatic and immunochemical tech- 
niques (Puszkin et al., 1972; Blitz and Fine, 1974; Drenckhahn and 
Kaiser, 1983) and are found in the areas of synaptic contact of 
neurons (Toh et al., 1976, Beach et al., 1981; Matus et al., 1982; 
Drenckhahn and Kaiser, 1983). 

The calcium dependence of actin-myosin interaction in tissues is 
thought to be mediated either by the troponin system (skeletal and 
cardiac muscle model) or by calmodulin-dependent myosin light 
chain phosphorylation (smooth muscle and non-muscle tissue 
model) (Adelstein, 1983). Actin-myosin interaction in neural tissue 
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would therefore be expected to be regulated by the latter mecha- 
nism. This conclusion is borne out by recent studies showing that 
troponin exists (if at all) in negligible quantities in brain (Anthony et 
al., 1984) and that light chain phosphorylation is required for actin 
activation of brain myosin ATPase activity (Barylko and Sobieszek, 
1983). Although in the latter study, smooth muscle myosin light 
chain kinase was used as the phosphorylating enzyme, brain also 
contains enzymes capable of phosphorylating myosin in a calcium- 
and calmodulin-dependent fashion. Dabrowska and Hartshorne 
(1978) and Hathaway et al., (1981) have identified in brain a 105,000- 
to 130,000-dalton kinase analogous or identical to smooth muscle 
myosin light chain kinase, although it remains to be established 
whether this enzyme is present in neurons as opposed to being 
associated with CNS vasculature or glial cells. A second enzyme 
capable of phosphorylating isolated smooth muscle myosin light 
chains in a calcium- and calmodulin-dependent fashion has been 
purified from rat brain by a number of investigators (Fukunaga et al., 
1982; Bennett et al., 1983; Goldenring et al., 1983; Yamauchi and 
Fujisawa, 1983; Kuret and Schulman, 1984). This enzyme (referred 
to here as brain calmodulin-dependent kinase) is present in high 
concentrations in mammalian brain. It has a somewhat broader 
substrate specificity and is larger (-600,000 daltons in its holoen- 
zyme form) than myosin light chain kinase. We have recently found 
that brain calmodulin-dependent protein kinase is capable of phos- 
phorylating whole myosin (smooth muscle) and thereby activating 
its actindependent Mg’+ATPase activity (Edelman, A. M., M. B. 
Kennedy, and E. G. Krebs, manuscript in preparation). 

The presence in brain of enzymes potentially capable of control- 
ling, via phosphorylation, actin-myosin interaction as well as the 
synaptic localization of actomyosin prompted us to examine the 
intracellular distribution of calcium- and calmodulin-dependent 
myosin light chain phosphorylating activity in cerebral cortex. We 
report here that this activity is highly concentrated in synaptosomes 
and within the nerve ending, largely membrane associated. This 
localization is consistent with a role for this activity in synaptic 
functioning. Aspects of this work were previously presented in 
abstract form (Edelman et al., 1984). 

Materials and Methods 

Subcellular fractionation. Methods were adapted from those of Whittaker 
and Barker (1972) and DeRobertis et al. (1962, 1966). All procedures were 
at 0 to 4°C. Sucrose solutions were prepared using density gradient grade 
sucrose (Beckman) buffered to pH 7.4 with 5 mM HEPES. The scheme for 
subcellular fractionation is shown in Figure 1. 

Electron microscopy. Each of the density gradient fractions A, B, and D 
(0.8 ml) and 0.4 ml of fraction C were diluted with 0.15 M sucrose and 
centrifuged at 100,000 x gav for 30 min (in polyallomer tubes) producing 
pellets approximately 2 to 3 mm in diameter. After removal of the supernatant 
fluid, a fixative consisting of 2% glutaraldehyde and 2% osmium tetroxide in 
0.05 M phosphate buffer, pH 7.3, was added in a slow stream down the side 
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of the tube so as to fix the pellet in place. After 4 hr at room temperature, 
the pellet was rinsed in buffer, dehydrated in graded ethanols through 
propylene oxide, and embedded in Epon. Blocks containing the pellets were 
mounted on epoxy chucks and trimmed for thin sectioning so that each thin 
section spanned the full gradient of the pellet. Electron micrographs were 
taken from the top (centripetal), middle, and bottom (centrifugal) levels of 
each sample. Sections were examined either unstained or stained with lead 
citrate and uranyl acetate. 

Subcellular marker enzymes. The activities of lactate dehydrogenase and 
fumarase were used as markers for cytosol and mitochondria, respectively. 
Assays were as described previously (Whittaker and Barker, 1972) with minor 
modifications. In addition, the activity of choline acetyltransferase was used 
as a marker for synaptosomes. Since, in the cerebral cortex, cholinergic 
neurons are mainly represented by terminal axons and presynaptic bulbs, 
choline acetyltransferase can be utilized as a specific synaptosomal rather 
than general cytosolic marker (Whittaker and Barker, 1972). It was assayed 
by the liquid ion exchange method of Fonnum (1975). 

Prior to assay, subcellular fractions were adjusted to a final concentration 
of 0.5% (v/v) Triton X-100 to ensure total release of enzyme activity. 

Enzyme activities were proportlonal to the amount of protein used and to 
time of incubation. 

Preparation of proteins. The smooth muscle phosphorylatable 20,000- 
dalton myosin light chain (L&) was prepared with minor modifications as 
previously described (Gallls et al., 1983). Skeletal muscle myosin light chains 
were prepared as previously described (Edelman and Krebs, 1982). Calmod- 
ulin from bovine brain or erthyrocytes was purified by DEAE and fluphenazine- 
Sepharose essentially according to the method of Kakiuchi et al., (1981). 
Calmodulin from these two sources was found to be equally effective in 
stimulating myosin light chain phosphorylating activity and was therefore 
used interchangeably. 

Assay of myosin light chain phosphoryylating activity. The assay proce- 
dure was modified from that used previously (Edelman and Krebs, 1982). 
Unless otherwise noted, myosin light chain phosphotylating activity was 
assayed in a solution containing 0.5 mM dithiothreitol, 0.5 mg/ml of bovine 
serum albumin, 1 mM ouabain. 12.5 mM MgC12, 1 mM [y-3’P]ATP (0.06 to 
0.26 Ci/mmol; New England Nuclear), 100 PM L&,, and traces of buffer 
components from the various protein storage buffers. The reactions were 
buffered with 50 mM PIPES (plperazlne-N-N’-bis-2-ethanesulfonic acid), pH 
6.6. As described under “Results,” varying the pH and buffer ion of the assay 
medium did not appreciably affect the observed distribution of activity. The 
final salt concentration (NaCI and/or KCI) was 0.1 M. Subcellular fractions 
were adjusted to a concentration of 0.2% (v/v) Triton X-100 and vortexed to 
release sequestered enzyme. The final Triton X-100 concentration in the 
assay was 0.01 to 0.04% (v/v). After incubation at 25°C for varying lengths 
of time, 3*P incorporation was determined by spotting an aliquot of the 
reaction mix onto a 2 cm X 2 cm square of ET cellulose paper and washing 
In trichloroacetic acid essentially as described previously (Edelman and 
Krebs, 1982). 

Alternatively, =P incorporation was determined as follows. Reactions were 
quenched by heating at 95°C in the presence of 1% (w/v) sodium dodecyl 
sulfate (SDS) and 2% (v/v) P-mercaptoethanol for 4 min, following which the 
samples were subjected to SDS-polyacrylamide gel electrophoresis (Laem- 
mli, 1970). The band corresponding to I& was-excised from the gel and 
combusted with H202 at -75’C overnight until dry. The residue was redis- 
solved in 1.5% (w/v) ascorbic acid and subjected to liquid scintillation 
spectrometry. Values were corrected for phosphbrylation of any endogenous 
substrates running at -20,000 daltons and Ca’+/calmodulin-independent 
light chain phosphorylatlon as described below. Since values were within 
10% of those obtained with the filter paper method, unless otherwise 
indicated, the filter paper method was routinely employed. 

For each dilution of each subcellular fraction, activity was measured in the 
presence of Ca’+/calmodulin (1.25 mM and 5 PM, respectively) and in its 
absence (6 mM EGTA and calmodulin storaae buffer substituted for CaCI? 
and calmbdulin. respectively). To each of these activities a correction for 
endogenous phosphorylation was applied by subtracting activities (-tCa’+ 
and calmodulin) obtained in which light chain storage buffer was substituted 
for L& Subtraction of the corrected activity in the absence of Ca*‘/ 
calmodulin from corrected activity in its presence expresses the final Ca*+- 
dependent, myosin light chain-dependent activity. As described under “Re- 
sults” (Fig. 3), the Ca*+ dependence of this activity is conferred by calmodulin. 

The Ca*+/calmodulin-dependent myosin light chain phosphorylating activ- 
ity in each subcellular fraction was linear with time and proportional to protein 
concentration under the conditions employed. 

Both the specific activity and subcellular distribution of the myosln light 
chain phosphorylating activity were not appreciably affected by the inclusion 

of a phosphoprotein phosphatase inhibitor (50 mM inorganic phosphate) or 
by increasing by 2.5-fold the ouabain concentration (results not presented), 
suggesting that the observed activity does not reflect the contribution of 
significant phosphoprotein phosphatase or Na+, K+-ATPase activities. 

One unit of Ca’+/calmodulin-dependent myosin light chain phosphorylating 
activity is defined as 1 pmol of =P incorporated in 1 min at 25’C in the above 
assay conditions. 

Other methods. Protein was determtned for both subcellular fractions and 
LC& by the method of Lowry et al. (1951) utilizing some modifications 
suggested by Peterson (1977). Calmodulin concentrations were determined 
spectrophotometrically (@&? = 0.21). 

Results 

Rat cerebral cortex was fractionated under iso-osmotic conditions 
as outlined in Figure 1 and the fractions were characterized by the 

distribution of subcellular marker enzymes (see Tables I to Ill) and 
by electron microscopy (Fig. 2). 

To determine the correct substrate to use in assaying myosin light 

chain phosphorylating activity in brain subcellular fractions, two of 
the fractions were assayed with both smooth and skeletal muscle 
myosin light chains. In both a crude (initial homogenate) and highly 
purified fraction (density gradient fraction C) the activity observed 
was specific for the smooth as compared with the skeletal muscle 
phosphorylatable myosin light chain. The same result was obtained 

in extracts of rat brain prepared using either high or low salt- 
containing buffers in the absence of sucrose with more vigorous 
homogenization (Waring blender) (results not shown). These results 

are consistent with brain being of a “smooth muscle type” system 
and, given the similarity in phosphorylation sites between smooth 
muscle and brain myosin light chain (Barylko and Sobieszek, 1983), 

we considered smooth muscle myosin light chain (LC& an appro- 
priate substitute for the homologous brain myosin light chain (the 
latter being difficult to obtain in the large amounts needed for these 

studies). 
Figure 3 illustrates the calcium and calmodulin dependence of 

myosin light chain phosphorylating activity in all of the subcellular 

fractions used in this study. Most of the activity (-50 to 80%) in all 
fractions was dependent upon the combined presence of calcium 
and calmodulin. A smaller but significant amount of calcium-inde- 
pendent activity was also detected, confirming a report of calcium- 

independent light chain phosphorylation by kinase(s) from bovine 
brain (Matsumura et al., 1982). Subtraction of the latter activity from 
the Ca’+/calmodulin-dependent activity thereby allowed exclusion 
of the contribution of calcium-independent activity (as well as pos- 
sible Ca2+/lipid-dependent activity since the calcium-alone activity 

did not differ significantly from the calcium-independent activity). 
The concentration of calmodulin added in the assay (5 pM) produced 
maximal activation in all subcellular fractions (results not shown). 

The ability of added calmodulin to activate despite the fact that brain 
is reported to have a relatively high endogenous calmodulin content 
(Kakiuchi et al., 1982) is probably attributable to three factors: the 

extensive dilution of the fractions prior to assay, the presence of 
endogenous calmodulin-binding proteins in brain, and the likelihood 
(discussed further under “Discussion”) that much, if not all, of the 
activity is attributable to the brain calmodulin-dependent kinase, an 

enzyme with a relatively poor affinity for calmodulin (Kennedy et al., 
1983b). 

Table I shows that in the primary subcellular fractions the Ca’+/ 
calmodulin-dependent light chain phosphorylating activity was high- 

est in the synaptosome-enriched fraction (P2, crude mitochondria). 
The nuclear fraction contained a variable amount of activity, much 
of which was due to incompletely disrupted tissue as estimated by 

recovery of marker enzymes in this fraction. Low levels of activity 
were associated with the microsomal and cytosolic fractions, the 
latter also consistently having the lowest specific activity. 

Juskevich et al. (1982) reported that calcium/calmodulin-depen- 

dent protein kinase activity was unstable at 4°C in brain cytosol, the 
instability being more severe in the presence of calcium. This was 
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Figure 7. Scheme for subcellular fractionation of rat cerebral cortex. 

due presumably to Ca*+-dependent proteolysis or a Ca2%timulated which immediately after preparation of the fractions an aliquot of 
instability of the enzyme itself. We therefore investigated the possi- each fraction was stored at 4’C (for -1 hr prior to assay) in either 
bility that the low recovery and low specific activity in the cytosolic the usual media (0.32 M sucrose, 5 mM HEPES, pH 7.4) or in a 
fraction (Tables I and II) were due to such an instability phenomonon. buffer containing 5 mM HEPES, 0.32 M sucrose, 1 mM EDTA, 1 mM 
We therefore performed a control experiment (results not shown) in EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 10 pM leupeptin, pH 
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Figure 2. Electron mlcrographs of components of the crude mitochondnal fraction subfractlonated by density gradient centnfugatlon. A to D represent 
density gradient fractions A to D, respectively. Pellets were prepared as described under “Materials and Methods.” MIcrographs represent the centrifugal 
level of each pellet. Sectlons were stained with lead citrate and uranyl acetate. Magnlflcatlon X 12,500 E represents density gradient fraction C at higher 
magnlflcatlon (x 37,000). Unstained section. 

7.4. Although the specific activities of all fractions were somewhat 
higher in this latter buffer, the percentage of activity recovered in 
cytosol was essentially the same in the latter buffer as in the former 
(14.3 versus 11 .I %, respectively), and again the specific activity in 
cytosol was lowest of all the fractions. Also, the linearity of enzyme 
activity upon dilution in all fractions suggests that dissociable inhibi- 
tors or activators are not a confounding factor in these measure- 
ments. These results argue for the likelihood that the low activity in 
the cytosol reflects a genuinely low abundance of enzyme in cyto- 
plasm in this tissue. 

The subcellular fractions were routinely assayed using 50 mM 
PIPES, pH 6.6. In a separate experiment (results not shown) fractions 
were assayed using 50 mM HEPES, pH 7.65, instead. Nearly identical 
results were obtained for the distribution of activity, although the 
higher pH gave a somewhat (-2-fold) higher specific activity. From 
these results it was concluded that assay pH was not an important 
variable in these studies. 

The crude mitochondrial fraction (P& containing synaptosomes, 
free mitochondria, myelin, and membrane fragments, was further 
fractionated by discontinuous sucrose gradient ultracentrifugation 
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Figure 3. Calcium and calmodulin dependence of myosin light phosphorylating activity in subcellular fractions of rat cerebral cortex. Subcellular fractions 
were generated and myosin light chain phosphorylating activity yas measured as described under “Matgrials and Methods.” Activity was measured under 
the following conditions: 1.25 mM CaC12 plus 5 PM calmodulin (+); 6 mM EGTA plus 5 PM calmodulin (+); 1.25 mM CaC12 plus calmodulin storage buffer 
(+); and 6 mM EGTA plus calmodulin storage buffer (=). Endogenous phosphorylation was separately measured under each experimental condition and 
subtracted. Activity IS expressed as the percentage of the activity obtained in the presence of Ca” plus calmodulin in each subcellular fraction. 

as illustrated in Figure 1. The fractions were characterized by electron densely packed intraterminal synaptic vesicles. The dense packing 

microscopy (Fig. 2) and marker enzymes (Table I) as follows: A, probably explains why under lower magnification and with staining 

myelin fragments and some small membrane fragments, B, small (Fig. 2, B and C) synaptosomes appear darkened. The dense 

synaptosomes and membrane fragments, C, predominantly larger packing of vesicles and distortion in shape of some of the synap- 

synaptosomes, and D, many free mitochondria, often swollen. Frac- tosomes is characteristic of preparation under these conditions (cold 

tion C was re-examined at higher magnification (X 37,500) without hypertonic media) as was reported by Hajos and Csillag (1976). 

staining (Fig. 2E). Many synaptosomal profiles are in evidence with Table I shows that the Ca’+/calmodulin-dependent myosin light 
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TABLE I 
Distribution of Ca’+/calmodulin-dependent myosin light chain phosphorylating activity in subcellular fractions of rat cerebral cortexa 

Light Chain Phosphorylating Activity RSA’ 

Fraction 
Protein 

(mg/gm of tissue) Total Activity Specific Activity Distribution 
(units/ma of tissue) (units/ma of orotein) (%) 

CATC FUM LDH 

Primary Fractions 
Nuclear fraction (P,) 12.5 53.9 4312 28.3 0.76 0.88 0.62 
Crude mitochondria (PZ) 28.5 109.7 3849 57.6 1.43 1.87 0.86 
Microsomes (Pa) 3.9 11.4 2923 6.0 0.78 0.64 0.83 

Cytosol ($3) 13.9 15.3 1101 8.0 0.54 0 1.69 

Total 58.8 190.3 
Starting material (homog- 67.1 233.8 3484 

enate) 
Recovery (%) 87.6 81.4 

Submitochondrial fractions 
A. Myelin 1.91 1.25 654 7.2 0.55 0.17 0.54 
6. Membranes, small 1.87 1.63 872 9.4 1.58 0.69 1.24 

synaptosomes 
C. Synaptosomes 8.4 13.27 1580 76.9 1.08 1.05 1.10 
D. Free mitochondria 2.05 1.11 541 6.4 0.42 2.24 0.71 

Total 14.23 17.26 
Starting material (crude 26.2 83.4 3180 

mitochondria) 
Recovery (%) 54.3 20.7 

a Results represent the averages of three (submitochondrial fractions) or four (primary fractions) separate distributions. 
b RSA (relative specific activity) = percentage of recovered activity/percentage of recovered protein. 
c CAT, choline acetyltransferase; FUM, fumarase; LDH, lactate dehydrogenase. 

TABLE II 
Ca’+/calmodulin-dependent myosin light chain phosphorylating activity in subsynaptosomal fractions prepared after osmotic lysi.9 

Light Chain Phosphorylating Activity Relative Specific 

Fraction and Ultrastructure 
Protein Activity 

(mg/gm of tissue) Total Activity Specific Activity Distribution 
(unlts/mg of tissue) (units/mg of protein) (“4 

Fumarase LDH” 

M-l Membrane fraction 10.7 25.4 2370 65.1 1.47 0.49 
M-2 Vesicle fraction 1.5 5.7 3800 14.6 0.63 1.05 

M-3 Soluble fraction 4.5 7.9 1760 20.3 0 2.21 

Recovery (%)” 80.3 101.6 

a Results represent the averages of three subsynaptosomal distributions. 

b LDH, lactate dehydrogenase. 
’ Recovery is expressed as percentage of starting material (crude mitochondria), calculated for two of the distributions 

chain phosphorylating activity was overwhelmingly localized to the 
large synaptosome-containing fraction (C) which had 77% of the 
recovered activity and roughly 2 to 3 times the specific activity of 
the other fractions. The remaining 23% of the recovered activity was 
about equally distributed between fractions A, 6, and D. 

In a separate experiment (not shown) the density gradient centrif- 
ugation was performed as usual with the exception that, in addition 
to removing the interfaces, the rest of each sucrose layer was also 
removed. The interfaces were then combined with the appropriate 
inter-interface sucrose layers producing “expanded” fractions A to 
D. This led to a doubling in the overall recovery of light chain 
phosphorylating activity (30% to 65%); however, the conclusions 
regarding subcellular distribution were much the same as those 
derived from Table I. Fraction C (“expanded”) contained 55% of the 
recovered activity (versus 62% when only the interface was sam- 
pled). The remaining activity was about equally distributed between 
the other fractions. These results suggest that the centrifugation was 
stopped before particles had completely banded and this would 
account for the low recovery (21%) shown in Table I, but that 
centrifuging longer, although producing a higher recovery, would 

not change substantially the conclusrons that may be drawn from 
Table I. 

As illustrated in Figure 1, the synaptosomes may be lysed by 
hypo-osmotic conditions to analyze the distribution of activity in 
subsynaptosomal compartments. As shown in Table II, the activity 
was almost entirely particulate (M-l plus M-2), although there was 
consistently about 20% recovered in the soluble fraction (M-3). 
Although 15% of the activity was recovered in M-2 (the crude 
synaptic vesicle fraction), it cannot be concluded from these data 
alone that there is an association of the activity with synaptic vesicles 
since it is likely that M-2 contains a heterogeneity of small membrane 
fragments in addition to synaptic vesicles. 

Fonnum (1967) demonstrated that after hypo-osmotic lysis of 
synaptosomes, the synaptosomal enzyme, choline acetyltransfer- 
ase, is almost entirely particulate but becomes nearly completely 
soluble by treatment of the lysate with 75 mM NaCI. This suggested 
to us that, by analogy, the myosin light chain phosphorylating activity 
might be artifactually bound to membranes simply as a consequence 
of the low ionic strength during the hypo-osmotic lysis. We therefore 
treated the M-l fraction with 5 mM HEPES, pH 7.4, plus 75 mM NaCI. 
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The result shown in Table III was that the activity was not released 
from membranes by this treatment. Kennedy et al. (1983b) reported 
that brain calmodulin-dependent kinase could be desorbed from 
membranes by dilution into a low ionic strength buffer. However, 9- 
fold dilution of the membrane fraction into 5 mM HEPES, pH- 7.4, 
without salt, did not desorb the light chain phosphorylating activity 
(Table Ill). In addition, since the M-l fraction was stored at -70°C 
prior to these experiments, freeze-thawing is part of the treatment. 
As seen in Table Ill, it is also ineffective in releasing the activity. 

There have been a number of reports that the membrane asso- 
ciation of specific proteins is calcium dependent (Obrink et al., 1976; 
Walker, 1982). In this case, one might envision such an association 
mediated by the calcium-binding protein, calmodulin. Chelator treat- 
ment (4 mM EDTA) did not, however, release the light chain phos- 
phorylating activity from membranes (Table Ill). 

Data from Table Ill suggest that most of the Ca”/calmodulin- 
dependent light chain phosphorylating activity is genuinely mem- 
brane associated, although the strength of this association and 
whether the association is directly with the plasma membrane or 
indirectly through cytoskeletal elements remains to be evaluated. 

Discussion 

On the basis of several considerations, it appears likely that much, 
if not all, of the Ca*+/calmodulin-dependent activity measured in this 
study is attributable to brain calmodulin-dependent kinase with 
myosin light chain kinase making up a relatively smaller percentage 
of the total. In a separate experiment (not shown), the Ca*+-depend- 
ent myosin light chain phosphorylating activity in synaptosomal 
membranes (M-l) was measured as a function of calmodulin con- 
centration. The apparent activation constant (I&,) was 259 nM. 
Although precise determination of this kinetic constant may be 
difficult for such a crude system, the activation constant that was 
obtained is most similar to those reported for purified preparations 
of the brain calmodulin-dependent kinase (“average” value: 100 nM; 
range: IO to 400 nM; Fukunaga et al., 1982; Goldenring et al., 1983; 
Kennedy et al., 1983b; Yamauchi and Fujisawa, 1983; Schulman, 
1984). This is clearly distinguished from myosin light chain kinase, 
which has an activation constant for calmodulin of 1 nM (Adelstein 
et al., 1982). Furthermore, when the membranes were preincubated 
with added MgATP and purified catalytic subunit of cyclic AMP- 
dependent protein kinase, only a minor change was found in the 
K,,, (386 nM), again suggesting the involvement of brain calmodulin- 
dependent kinase since, by contrast, myosin light chain kinase has 

TABLE 111 
Membrane association of Ca’+/calmodulin-dependent myosin light chain 

phosphorylating activity 
The preparation of fractions was as follows (all procedures at 0 to 4°C). 

Crude membranes (M-l, stored at -70°C) were diluted g-fold with either 5 
mM HEPES, pH 7.4 (control), 5 mM HEPES (pH 7.4) plus 75 mM (final) NaCl 
(NaCI-treated), or 5 mM HEPES (pH 7.4), 4 mM EDTA (EDTA-treated). 
Fractions were then vigorously vortexed and remalned on ice for 30 min after 
which they were centrifuged in polyallomer tubes at 100,000 x gav for 30 
min. Supernatants and pellets were analyzed for Ca*+/calmodulin-dependent 
myosin light chain phosphorylating activity after dilution into 0.2% Triton X- 
100 as described under “Materials and Methods.” 

Percentage distribution = 
activity recovered in each fraction 

total activity recovered 
x 100 

The recoveries from starting material (M-l) were 96% for control, and 69% 
and 121% for NaCI-treated and EDTA-treated membranes, respectively. 
Results represent the average of two to four separate preparations for each 
condition. 

Treatment (Percentage Distrlbutlon) 

Control NaCI-treated EDTA-treated 

Supernatant 4.7 4.8 3.5 
Pellet 95.3 95.2 96.5 

been reported to undergo a large change (15-fold decrease) in its 
affinity for calmodulin upon phosphorylation by cyclic AMP-depend- 
ent protein kinase (Adelstein et al., 1982). Finally, a third piece of 
evidence comes from another experiment (not shown) in which we 
assayed for Ca’+-dependent phosphorylating activity in the P2 frac- 
tion using either synapsin I, a synaptic vesicle-associated protein 
which is also a substrate for brain calmodulin-dependent kinase 
(Bennett et al., 1983; McGuinness et al., 1983), or smooth muscle 
myosin light chain at saturating concentrations (7 PM and 100 PM, 
respectively).3 The activity toward synapsin I was roughly 1.5 times 
that toward myosin light chain, a value very close to that reported 
by Bennett et al. (1983) (correcting for differing substrate concentra- 
tions) for pure calmodulin-dependent kinase. The quantitative simi- 
larity in substrate specificity between the P2 fraction and purified 
calmodulin-dependent kinase again suggests a relative lack of in- 
volvement of myosin light chain kinase since a contribution from the 
latter enzyme would be expected to result in a much lower synapsin 
l/light chain activity ratio. Although the above considerations point 
to brain calmodulin-dependent kinase as the primary activity being 
measured in this study, they clearly do not preclude some contri- 
bution from myosin light chain kinase. It should be re-emphasized, 
however, that since both myosin light chain kinase and brain cal- 
modulin-dependent kinase stimulate actin-activated myosin ATPase 
activity (Barylko and Sobieszek, 1983; A. M. Edelman, M. B. Ken- 
nedy, and E. G. Krebs, manuscript in preparation), the implications 
for myosin regulation of the distribution studies presented here are 
not critically dependent on the precise relative contribution of each 
enzyme. 

A number of studies, utilizing differing methodologies, have been 
done to date on the question of the subcellular localization of brain 
calmodulin-dependent kinase. This enzyme was originally identified 
as a component of the membrane fraction of mammalian brain 
(Schulman and Greengard, 1978). It has now been purified from 
both particulate (Kennedy et al., 1983b; Fukunaga et al., 1984; 
Sahyoun et al., 1985) and cytosolic (Fukunaga et al., 1982; Bennett 
et al., 1983; Goldenring et al., 1983; Yamauchi and Fujisawa, 1983, 
Kuret and Schulman, 1984) brain fractions. The initial step in these 
purifications typically involves homogenization in a low ionic strength 
buffer, a treatment which has been reported to yield -30 to 45% of 
the activity in the high speed supernatant (Kennedy and Greengard, 
1981). Of the activity recovered in the pellet, another 50 to 70% was 
reported to be solubilized by dilution into a low ionic strength buffer 
(Kennedy et al., 1983b). 

Subcellular fractionation studies, which tend to employ mild con- 
ditions such as the use of iso-osmotic buffers, have found a relatively 
low percentage of the activity in cytosolic fractions. Yamauchi and 
Fujisawa (1981) and Landt et al. (1982) found that roughly 43% and 
3%, respectively, of the calmodulin-dependent kinase activity was 
in the cytosolic fraction. We report here that only -20% of the Ca*‘/ 
calmodulin-dependent light chain phosphorylating activity in rat cer- 
ebral cortex is cytosolic (Sg + M3 X P2) and that the activity in the 
membrane fraction (M-l) could not be desorbed by freeze thawing, 
75 mM NaCI, EDTA treatment, or dilution into a low ionic strength 
buffer. 

The presence of calmodulin-dependent kinase has also been 
demonstrated in a variety of isolated neuronal subcellular structures. 
Grab et al. (1981) demonstrated that isolated postsynaptic densities 
contain calmodulin-dependent kinase activity. Subsequently, the 
major postsynaptic density protein (mPSDp) was identified as a 
subunit of the brain calmodulin-dependent kinase (Kennedy et al., 
1983a; Goldenring et al., 1984; Kelly et al., 1984). The mPSDp was 
found to be present in relatively low concentrations in cytosol as 
compared with synaptic junctional preparations, and neither the 

3 K,,, values of brain calmodulin-dependent kinase are taken as: 30 PM for 
smooth muscle myosin light chain (Fukunaga et al., 1982) and 0.4 PM for 
synapsin I (Kennedy et al., 198313). 
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mPSDp nor observable calmodulin stimulated kinase activity could 
be released from synaptic junctions by various extraction procedures 
(including dilution into low ionic strength buffer) (Kelly et al., 1984). 
Similarly, Sahyoun et al. (1985) reported that brain calmodulin- 
dependent kinase was present in a detergent-insoluble cytoskeletal 
residue from which it could not be extracted by detergents, salts, 
divalent ion chelators, or low ionic strength buffers. Also, both 
isolated neuronal nuclei (Sahyoun et al., 1984a, b) and an enriched 
synaptic vesicle preparation (Burke and DeLorenzo, 1982) have 
been shown to contain the calmodulin-dependent kinase. Finally, 
Ouimet et al. (1984) studied the localization in brain of the calmodulin- 
dependent kinase by immunocytochemistry. lmmunoreactivity was 
observed in the cytoplasm, on the plasmalemma, on mitochondria, 
and on synaptic vesicles and microtubules, as well as on postsyn- 
aptic densities. Thus, to summarize the current state of knowledge 
concerning the subcellular localization of the calmodulin-dependent 
kinase, it would appear that a significant portion of the enzyme is 
firmly bound to membranes or cytoskeletal elements with the re- 
mainder present in the cytosol and loosely bound to membranes, 
with the relative percentage recovered in the cytosol perhaps de- 
pendent on the specific conditions of homogenization employed. 

We find most of the myosin light chain phosphotylating activity 
associated with nerve endings. Two other prominent protein kinase 
activities in brain, cyclic AMP-dependent protein kinase, and Ca2’- 
and lipid-dependent protein kinase, are distributed somewhat more 
broadly than is the light chain phosphorylating activity studied here 
(Maeno et al., 1971; Walter et al., 1978; Kikkawa et al., 1982). In 
primary subcellular fractions 3.5 to 45% of the former two kinase 
activities were found in cytosol, significantly higher than we report 
here for the light chain phosphorylating activity (-lo%), and, in the 
case of cyclic AMP-dependent protein kinase, there is also significant 
activity associated with microsomes. Thus, it may be that, reflecting 
its more restricted localization, the kinase activity studied here is 
more specialized in its function, perhaps having a role in the physi- 
ology of the neuronal cytoskeleton. In this context, it is to be noted 
that some of the best substrates for the brain calmodulin-dependent 
kinase, namely, synapsin-I, microtubule-associated protein, tubulin, 
myosin light chain, and myelin basic protein, are associated with 
membranes and/or the neuronal cytoskeleton (Fukunaga et al., 
1982; Bennett et al., 1983; Goldenring et al., 1983; McGuinness et 
al., 1983; Schulman, 1984). It is also of interest that the three major 
classes of brain protein kinases described to date, the cyclic AMP, 
Ca”/calmodulin-, and Ca2+/lipid-dependent kinases, all are present 
in significant amounts in nerve endings and are largely membrane 
associated within the nerve ending. This speaks to the general 
possibility that the events related to the process of synaptic trans- 
mission may in some way regulate or be regulated by protein 
phosphorylation-dephosphorylation. 

Actin, myosin, and calmodulin are all present in synaptic areas 
(Toh et al., 1976; Grab et al., 1979; Lin et al., 1980; Wood et al., 
1980; Beach et al., 1981; Matus et al., 1982; Drenckhahn and Kaiser, 
1983). As we have shown in this report, calmodulin-dependent 
myosin phosphorylating activity is present in synaptosomes and 
associated with synaptosomal membranes. Thus, it appears that all 
of the elements for a calcium-dependent actomyosin system exist 
in the region of the synapse. Such a system could function to effect 
dendritic spine shape changes consequent to stimulation (Cotman 
and Kelly, 1980), to control postsynaptic receptor mobility analogous 
to control of receptor capping in lymphoma cells by calcium-depen- 
dent myosin phosphorylation (Kerrick and Bourguignon, 1984), or 
be the mechanism by which neurotransmitter-containing vesicles 
move to the synapse during calcium-dependent neurotransmission, 
a hypothesis initially proposed some years ago by Berl et al. (1973). 
The possible participation of contractile proteins in such synaptic 
processes has been reviewed in detail elsewhere (Trifaro, 1978; 
Cotman and Kelly, 1980). 

Note added in proof. After submission of this manuscript, a report 
appeared (Kelly, P. T., and P. Vernon (1985) Dev. Brain Res. 18: 

21 l-224) which also documented the high proportion of calmodulin- 
dependent kinase in particulate relative to cytosolic subcellular 
fractions of adult rat brain. 
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