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Phosphocalmodulin (PCaM) was identified after analysis of calmodulin (CaM)
preparations by two-dimensional gel electrophoresis by using a modified ampho-
lyte system to resolve very acidic proteins. The analysis of CaM prepared by the
conventional procedure based upon its heat resistance and acidity as well as the
analysis of whole urea extracts from brain showed that PCaM was a major
component in this tissue. PCaM was 1 pH unit more acidic than CaM, and its
electrophoretic mobility, unlike CaM, was not changed by either calcium or
ethylene glycol-bis(,-aminoethyl ether)-N,N-tetraacetic acid. In urea extracts of
brain prepared in buffers containing phosphate and sodium fluoride, PCaM was as
prominent as CaM; it was partially converted into CaM after elution from the gel
and reelectrophoresis. Amino acid analysis of PCaM and CaM purified by two-
dimensional gel electrophoresis showed the same composition for the two
proteins, including their trimethyllysine content. Incorporation of 32p occurred
exclusively into the acidic variant when brain slices were incubated with H332P04;
amino acid analysis showed that the phosphate was bound to serine residues.
CaM was found also to be phosphorylated in vitro by a phosphorylase kinase
preparation from skeletal muscle.

After its discovery as a Ca2+-dependent acti-
vator of cyclic nucleotide phosphodiesterase by
Cheung (5) and Kakiuchi and Yamasaki (20), a
number of other Ca2+-dependent enzymatic reg-
ulations have been attributed to calmodulin
(CaM). Indeed, a survey of the literature shows
that a large number of cellular metabolic reac-
tions are under the control of CaM. In addition,
CaM exhibits a nonenzymatic interaction with
certain proteins such as a Ca2+-dependent inter-
action with the a subunit of spectrin in many
erythroid and nonerythroid cells (for review see
reference 24) as well as a strong Ca2+-insensitive
interaction with certain enzymes such as phos-
phorylase kinase (PhK) (10, 23). The great ver-
satility in the biological functions of CaM is
combined with a highly conserved structure of
this protein among species. The fact that CaM is
almost perfectly conserved throughout evolu-
tion suggests that each of the four Ca2+-binding
sites and other characteristic features of the
molecule are very important in one or another of
the roles of the protein (7). This is why the
detailed investigation of conformational states
and chemical modifications of CaM may yield a
better understanding of the regulation of a whole
set of intracellular CaM-dependent events, such
as the Ca2+- and CaM-dependent phosphoryla-

tion of many enzymes. However, to date, the
molecular details of CaM-stimulated phosphor-
ylation are still unknown. Part of the difficulty in
studying in vitro every parameter of a reaction
involving CaM is that CaM is a very small and
very acidic molecule and is difficult to be ana-
lyzed itself by electrophoresis (11, 14, 26). To
investigate the potential in vivo chemical modifi-
cation of CaM, we have analyzed CaM, either
purified from brain by conventional biochemical
techniques or from whole brain extracts, by
using an isoelectric focusing system with a modi-
fied pH gradient that allows the resolution of
very acidic polypeptides. We show here that, in
brain, CaM exists in a phosphorylated and a
nonphosphorylated form. Under conditions of
electrophoresis in which p042- hydrolysis is
minimized, the phosphorylated form of CaM
(PCaM) is present in almost equivalent amounts
to the nonphosphorylated form. PCaM is more
acidic than CaM, and its electrophoretic mobil-
ity is not affected by either Ca"+ or ethylene
glycol-bis(,B-aminoethyl ether)-N,N-tetraacetic
acid (EGTA). In addition, we show that CaM is
phosphorylated in vitro in the presence of [y-
2P]ATP as the 8 subunit of PhK from skeletal
muscle or when added exogenously to a PhK
preparation from skeletal muscle. The results
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A PHOSPHORYLATED FORM OF CALMODULIN 1413

imply that PCaM may be a new way that CaM
regulates its interaction with enzymes or struc-
tural proteins.

MATERIALS AND METHODS

Standard preparation of CaM. Five brains from 18-
day-old chicken embryos were homogenized, and
CaM was prepared as previously described (4). A 250-
ml gradient from 200 to 600 mM NaCI was applied to
the ion-exchange column: 50 ml of packed DEAE-
Sephadex A-50 equilibrated in 50 mM Tris (pH 7.0)-
200 mM NaCI. CaM eluted at about 400 mM NaCl and
was lyophilized, desalted through a G-25 column
equilibrated in 50 mM (NH4)HCO3, and lyophilized
again.

Isoelectric focusing. Two-dimensional isoelectric fo-
cusing and sodium dodecyl sulfate (SDS) gel electro-
phoresis was carried out by the method of O'Farrell
(28) with a modified pH gradient. The ratios of Am-
pholines (LKB Instruments, Inc.) used was 2.4% of
pH range 3.5 to 10 and 0.8% of pH range 2.5 to 4. The
current was always maintained under 0.25 mA per
-tube to avoid protein precipitation at the top of the gel
owing to overheating. Detergent was omitted from the
samples. The second dimension after isoelectric focus-
ing was run in gels containing 17.5% acrylamide and
0.074% N,N'-methylenebisacrylamide.
Urea extraction of brain. Ultrapure urea was pur-

chased from Schwarz/Mann. A given weight of brain
was mixed with the same weight of urea and then with
1/5 this weight of the following buffer: 250 mM Tris-
100 mM EGTA (pH 7.0)-100 mM P-mercaptoethanol-
1 M NaCl. Alternatively, the brain was mixed with the
same amount of 200 mM sodium pyrophosphate-200
mM EGTA-15 mM NaF-10 mM dithiothreitol-6 M
urea at an approximate pH of 4.8. The final concentra-
tion of urea was 7.2 M with the first buffer and 3 M
with the second one.
Removal of SDS by ion-pair extraction. After two-

dimensional polyacrylamide gel electrophoresis
(PAGE) and staining, the protein spot was cut and
eluted by homogenization with a Teflon pestle in 50
mM (NH4)HCO3 and then further mixed, washed, and
centrifuged several times in the same buffer. Finally,
the extract was lyophilized. Alternatively, the gel
slices were subject to electroelution with several
changes of 50 mM (NH4)HCO3, and the extract was
lyophilized. SDS and Coomassie blue were removed
from the protein by the procedure of Henderson et al.
(16) with slight modifications. Since CaM is stable to
acid treatment (23), difficulties have been encountered
in its precipitation and its recovery; for this reason,
SDS and Coomassie blue were removed by the addi-
tion to the protein solution of an extraction mixture
consisting of acetone-triethylamine-acetic acid-water
(17:1:1:1), and the mixture was cooled in an ethanol-
carbonic ice bath. At a lower temperature than that
used in the procedure of Henderson et al. (16), an
aqueous phase containing CaM stuck against the wall
of the tube. The organic phase was poured off.
PhK. (i) Preparation of a crude extract. The proce-

dure for the preparation of PhK was derived from
Cohen (9) and Pocinwong et al. (30). A 500-g amount
of chicken breast and leg muscle was minced and

stirred in 2 liters of 10 mM sodium pyrophosphate
adjusted to pH 9.0 with acetic acid, containing 5 mM
magnesium acetate and 0.2 mM phenylmethylsulfonyl
fluoride. After a 60-min centrifugation at 20,000 x g,
the supernatant was added to an equal volume of
neutralized 3 M ammonium sulfate and stirred over-
night at 4°C. The precipitate was collected after a 60-
min centrifugation at 20,000 x g, dissolved in the
homogenization buffer, and added to 600 ml of DE52
cellulose (Whatman, Inc.) equilibrated in the same
buffer. The slurry was stirred and centrifuged for 15
min at 1,000 x g to pellet the resin. The resin was
washed twice with the homogenization buffer and
poured into a 4-cm-diameter column. An NaCl gradi-
ent from 0 to 0.5 M NaCl in 0.1 M sodium glycerophos-
phate-2 mM EDTA (pH 7.0) was started once no more
protein was eluted as monitored by transmission at 254
nm. The fraction volume was 7 ml, and the volume of
the gradient was 500 ml. Elution was continued with
0.5 M NaCI buffer until no more protein was eluted.
Fractions were assayed for PhK activity with phos-
phorylase b (Sigma Chemical Co.) as a substrate (see
below).

(ii) PhK assay. The buffer was derived from Kili-
mann and Heilmeyer (21): 1.5 mM sodium glycero-
phosphate-50 mM magnesium chloride-0.2 mM cal-
cium chloride (pH adjusted to 9.0 with HCI). Solu-
tions of phosphorylase b (15 mg/ml) and of CaM
(10 mg/ml) were made in this buffer. [y-32PIATP (1
mCi, carrier free; New England Nuclear Corp.) was
dissolved in 10 ml of 20 mM cold ATP in the PhK
assay buffer. Routinely, 50 .1I of PhK crude extract
was added to 10 p.1 of either phosphorylase b or CaM
solution and 50 R1I of ATP solution. The reaction was
stopped by a 10 x sample buffer (10%o SDS, 1.25 M
Tris [pH 6.8], 10%o f-mercaptoethanol, 10 mM EDTA,
and 0.05% bromophenol blue) and placed in a boiling
water bath for 5 min. After slab gel electrophoresis,
the gels were dried and exposed for autoradiography
for 18 h on Kodak XR-A film and du Pont Cronex
Lightning-Plus intensifying screens. The radioactive
bands of either phosphorylase b or CaM were then cut
out and counted by liquid scintillation counting in
Aquasol II.

32po42- incorporation in proteins from whole brain.
Five chicken embryo brains (10 days old) were incu-
bated at 37°C in minimal essential medium without
phosphate for 3 h. After 1 h, the medium was changed,
and 1 mCi of H332P04 (carrier free; New England
Nuclear Corp.) was added. The incubation was then
continued for 10 h. The brains were pelleted and
submitted to Tris-urea-EGTA extraction as above
before two-dimensional gel analysis. After Coomassie
blue staining, the gels were dried and exposed for 1
week with intensifying screens.

Analysis for TML. After two-dimensional gel analy-
sis of brains extracted in urea-EGTA, the main CaM
spot (8) and the acidic spot (8') were electroeluted,
submitted to ion-pair extraction (16), and analyzed for
trimethyllysine (TML) content, first by thin-layer
chromatography in two different solvent systems (22,
29) and second, with a Durrum amino acid autoana-
lyzer. The TML standard was a gift from Steven
Clark, University of California, Los Angeles. For
phosphoamino acid determination, the radioactively
labeled (8') variant was hydrolyzed after extraction in
5.6 N HCI for 2 h and analyzed (as in reference 27).
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RESULTS

Analysis ofCaM from the standard purification
procedure. CaM, purified from brain by the
conventional procedure involving osmotic
shock, heating, and ion-exchange chromatogra-
phy, exhibits only one band after one-dimen-
sional electrophoretic analysis in the presence of
SDS (not shown). However, two-dimensional
isoelectric focusing and SDS gel analysis of the
same fractions shows a heterogeneity of the
preparation (Fig. IA). CaM is now resolved into
one main variant as well as a more acidic variant
as judged by Coomassie blue staining (Fig. 1A).
Most often, all these acidic variants are not
detectable, in particular, when the pH range of
the acidic end of the first (isoelectric focusing)
dimension is not expanded to resolve proteins
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FIG. 1. Two-dimensional gel analysis of CaM. (A)
CaM obtained from brain by a conventional method
based on its heat resistance and its acidity. (B) Analy-
sis of a direct urea extract of brain in the same system.
The extraction was done in urea-phosphate-EGTA
buffer with sodium fluoride as a phosphatase inhibitor.
An acidic spot can be observed (arrow). The pl of the
spots are 4.0 t-0.2 for the main one (CaM) and 3.0 +

0.2 for the minor one (arrow).

with an isoelectric point more acidic than that of
CaM. Furthermore, since CaM may be distribut-
ed into a Ca2+-bound and a Ca2+-free form,
substantial quantities of this protein need to be
electrophoresed before the more acidic variants
become detectable.

Analysis of CaM from urea extracts. Even
though in the conventional procedure for the
purification of CaM, osmotic shock of the brain
results in the release of this protein, substantial
amounts of CaM still remain in the insoluble
brain material after this treatment. If the osmotic
shock-insoluble material is extracted with a
urea- and EGTA-containing buffer and the ex-
tract is subsequently analyzed by two-dimen-
sional isoelectric focusing and SDS-PAGE, a
prominent polypeptide which corresponds to
CaM is revealed. Coelectrophoresis of the os-
motic shock-soluble and -insoluble forms of CaM
shows that they share indistinguishable electro-
phoretic mobilities and isoelectric points after
two-dimensional isoelectric focusing and SDS-
PAGE (data not shown). The intensity of the
CaM spot is enhanced when the extracts are
prepared in the presence of EGTA presumably
owing to the conversion of all of the CaM to the
Ca2+-free form.

Direct extraction of whole brain with a urea-
EGTA-containing buffer results in the solubiliza-
tion of higher quantities of CaM. Analysis of
such whole brain urea-EGTA extracts by two-
dimensional isoelectric focusing and SDS-PAGE
reveals the presence of a predominant polypep-
tide with an electrophoretic mobility in the sec-
ond dimension similar to that of CaM but whose
isoelectric point is ca. 1 pH unit more acidic than
the main CaM variant (referred to as b'; Fig.
1B). Several gels from the first dimension were
cut in slices to determine the pH of the gradient.
The main CaM variant (referred to as 8) was
found to have a pI of 4.0 + 0.2, whereas the
more acidic variant (8') had a pI of 3.0 ± 0.2. To
estimate the concentration of the 8' variant of
CaM in brain, we calculated its concentration by
amino acid analysis after elution from electro-
pherograms of whole brain urea-EGTA extracts
identical to that shown in Fig. 2A. Given the fact
that 0.2 g of brain protein extract was applied
per gel as in Fig. 2A and using 0.5 nM valine as
an internal standard in amino acid analysis, we
calculated that there is 0.2 x 1i-0 M of CaM in
the 8' variant and 0.6 x 10-5 to 0.8 x 10-5 M in
the 8 variant. This value is to be correlated with
the reported concentration of CaM (10-5 M) in
brain (23). Therefore, we can conclude that most
of the CaM in brain is solubilized and recovered
under the conditions of urea extraction used
here. The recovery of the 8' variant is low
compared with the 8 variant following the con-
ventional technique for the purification of CaM
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(Fig. 1A); however, it is greatly improved if
CaM is purified in buffers containing phosphate
and NaF, both of which inhibit protein phospha-
tase activity (Fig. 1B; see below).
One of the most striking characteristics of

CaM is its ability to retain biological activity
after exposure to protein denaturants, such as
heat and urea, and to bind Ca2' after exposure
to SDS at 1000C (3, 6, 23). Upon addition of
Ca2', four Coomassie blue spots are resolved in
urea extracts of whole brain in the position of
CaM. These CaM variants share the same iso-
electric point of 4.0 ± 0.2, but they exhibit an
increasing electrophoretic mobility (Fig. 2B).
This pattern is in agreement with previous work
showing that the interaction of Ca2+ with CaM
apparently occurs in discrete steps (23). Upon
Ca2 binding, CaM undergoes a large conforma-
tional change accompanied by a 5 to 10o in-
crease in its a helical content as determined by
circular dichroism and optical rotary dispersion
(23). The acidic variant (8') has the electropho-
retic mobility of Ca2+ CaM, but only one spot is
seen by two-dimensional electrophoresis (Fig.
2). This variant appears to be insensitive to
Ca2 , unlike the main CaM spot (8), since its
electrophoretic mobility is not altered when
Ca2+ is chelated (see Fig. 1B). The extraction in
Fig. 1 and 2 has been achieved first with EGTA.
CaCI2 was only added to the sample before
isoelectric focusing. Thus, we are not observing
the Ca2+ effect on protein extraction but rather
its effect on the electrophoretic mobility of pro-
teins.

Conversion of PCaM into CaM. Different prep-
arations of CaM were analyzed for the presence
of the 8' spot and the effect of Ca2' on its
electrophoretic mobility. Although a minor
component, it was also found in the convention-
al preparation of CaM (Fig. 1A). After extrac-
tion of the protein from the gel slices as in Fig.
2A and reelectrophoresis, the 8' variant showed
a partial transformation into the 8 variant with
the typical pattern of the incomplete saturation
in Ca2' (Fig. 3). When the urea extraction of the
brain was performed in phosphate buffer with
NaF, the Coomassie blue intensities of the two
spots were almost identical (Fig. 1B). These
experiments suggest that the 8' variant is phos-
phorylated. The dephosphorylation of CaM ap-
pears to occur rapidly as seen in Fig. 3 with the
(NH4)HCO3 alkaline medium used to extract the
protein, which destabilizes phosphoester bonds.
This dephosphorylation process is difficult to
quantify.

Presence of TML in the CaM variants. Elution
of the protein from the gel as shown in Fig. 2A
and subsequent analysis for the presence of
TML by thin-layer chromatography showed the
same pattern for the two variants (8 and 8') in
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FIG. 2. Enhancement of the electrophoretic mobil-
ity of CaM by calcium. (A) Whole brain was extracted
with a Tris-urea-EGTA buffer. When compared with
Fig. 1B, CaM extracted in Tris buffer gives less of the
acidic variant than the one extracted in phosphate
buffer with NaF. (B) CaCl2 was added in an equimolar
concentration to EGTA to the sample immediately
before isoelectric focusing. The electrophoretic mobil-
ity of the acidic spot (arrow) is not changed by Ca2e.

two different solvent systems (22, 29; data not
shown). Similarly, amino acid analysis showed
the same overall amino acid composition charac-
teristic of CaM for both variants (data not
shown) and more characteristically, the pres-
ence of TML in both of them (Fig. 4). We can
thus conclude that the 8' variant is indeed a
variant of CaM.

Phosphorylation of CaM in vivo. To more
definitely establish that the 8' variant of CaM
was phosphorylated, we incubated brain slices
with H332P04; this led to the incorporation of 32p
exclusively in the very acidic 8' spot as revealed
by a comparison of the Coomassie blue-stained
two-dimensional gel and the corresponding auto-
radiogram (Fig. 5). Elution of the 8' variant from
the gel and analysis for the phosphorylated
amino acid with the same technique as in refer-
ence 27 revealed only one spot corresponding to
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_ E F electrophoresis, the bands were cut out and
counted by liquid scintillation. We observed that
the amount of Pi transferred to CaM was half the
amount transferred to phosphorylase b for the
same weight of each protein (data not shown).
Under these conditions, we found that 1 of 100
mol ofexogenously added CaM was labeled with
32p. It would have been interesting to check for
the presence of PCaM in the native PhK prepa-
ration by two-dimensional PAGE. Unfortunate-
ly, SDS is required to dissociate the individual
polypeptides of PhK (17, 18), and thus, the pH
gradient cannot be standardized with the values
of the previous experiments. The phosphoryla-
tion of CaM as the 8 subunit of PhK, a tetramer-
ic enzyme with four chains (a 1 -y &) in the
structure (a ,B Y &)4, has not been described until
now, although the a and 1 subunits are known to
be phosphorylated by a cAMP-dependent kinase
(10, 19). Our CaM phosphorylation experiments
were carried out in the optimum ionic conditions
for autophosphorylation of PhK as defined by
Kilimann and Heilmeyer (21), who discuss the
possibility for such ionic conditions existing also
in vivo.

DISCUSSION

FIG. 3. Elution from the gel and reelectrophoresis.
(A) Elution and reelectrophoresis of the acidic spot
(arrow) from the gel as in Fig. 2A. A partial conversion
into the main CaM spot is observed. (B) Same experi-
ment with the main CaM spot.

phosphoserine (data not shown). The apparent
lability of the phospho bond (see Fig. 3) makes a
quantitative estimate of the extent of PCaM
phosphorylation difficult.

Phosphorylation of CaM by PbK in vitro. Be-
sides brain, muscle was analyzed for the pres-
ence of a phosphorylated form of CaM. Since
CaM is the 8 subunit of PhK (11) and binds
strongly to the enzyme in the absence of Ca2'
(23), we partially purified PhK from muscle and
examined the ability ofCaM to be phosphorylat-
ed in vitro. A crude preparation of PhK was
obtained from chicken muscle and assayed with
phosphorylase b as a substrate. In the absence
of phosphorylase b, incubation with [-y-32P]ATP
showed incorporation of radioactivity in a band
corresponding to the Coomassie blue band of the
8 subunit of PhK after analysis by one-dimen-
sional PAGE (data not shown). To further en-
hance this labeling, exogenous CaM (purified as
described in Fig. 1A) was used in the assay as a
substrate. Phosphorylation of exogenous CaM
by PhK increased linearly with increasing con-
centrations of CaM (Fig. 6). PhK assays were
run under the same conditions with either phos-
phorylase b or CaM as a substrate. After gel

We have shown here that a phosphorylated
form of CaM is found in conventional prepara-
tions of CaM by using two-dimensional gel elec-
trophoresis with a modified pH gradient to re-
solve very acidic proteins. CaM was identified
by its heat resistance and retention by an anion-
exchange resin, by its isoelectric point, and by
its molecular weight. Additionally, Ca2' caused
an increase in the electrophoretic mobility of the
molecule and its amino acid composition, and, in
particular, the presence of TML gave a further
criterion of identification of this protein as CaM.
PCaM, which was present in the standard prepa-
ration of CaM from brain, had the same electro-
phoretic mobility as Ca2' CaM and was partially

(A) (B)
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J,1 IL ,TML

FIG. 4. Amino acid analysis for the TML content
of the two CaM variants after electroelution and total
acidic hydrolysis. (A) Acidic variant. (B) Main CaM
variant.
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converted into CaM after elution from the gel
and reelectrophoresis. The observation of the
relative amount of the acidic variant versus the
main CaM spot shows that PCaM is unstable in
conventional extracts from brain. After a rela-
tively short preparation procedure as shown in
Fig. IA, the acidic variant may be estimated as
only a small percentage of the total amount of
CaM. On the other hand, it represents about
40% of the total of the two variants in Fig. 1B
when the extraction was done in phosphate and
sodium fluoride buffer. The amount of the acidic
variant is slightly less in Tris buffer (Fig. 2). This
lability of PCaM makes it difficult to set up an
experiment to test the role of the purified acidic
variant on the activation of another enzymatic
system. The acidic variant might be itself an
intermediate from an enzymatic reaction involv-
ing CaM. It could also correspond to a major
form of CaM in the quiescent cell with a Ca2'
gradient of 106 across the membrane. In this
case, the 106 affinity constant of CaM for Ca2'
would give very few CaM molecules in the Ca2+-
bound form which may correspond to PCaM.
Indeed, in the case ofPhK, Cohen (10) discusses
a 8 subunit in PhK which is insensitive to Ca2+.
We do not know whether his 8 and 8' terminolo-
gy corresponds with ours.
A shift in the electrophoretic mobility of CaM

in the presence of Ca2' has been widely used to
characterize CaM (23). The removal of Ca2+ by
EGTA caused a lower electrophoretic mobility
for CaM but did not affect the mobility ofPCaM.
After total acidic hydrolysis, CaM and PCaM
exhibited the same amino acid composition with
the presence, in both of them, of TML. Howev-
er, PCaM exclusively incorporated 32p when
whole brain was incubated with H332P04. After
partial acid hydrolysis, phosphoserine was iden-
tified as the sole phosphoamino acid. We have
also shown that CaM can be phosphorylated
either as the 8 subunit of PhK by autophosphor-
ylation of the enzyme or as exogenous CaM
added to a crude extract of PhK.
PCaM is 1 pH unit more acidic than CaM,

having a pI of 3.0 + 0.2. This pI for PCaM seems
very acidic. However, as an example, phosphor-
ylated forms of two proteins from the 80S rat
liver ribosome with a pl below 2.0 have recently
been described (25). After a six-step purification
procedure, Watterson et al. (33) found by chemi-
cal analysis less than 1 M of phosphorus per
CaM polypeptide, although several earlier re-
ports described CaM as a phosphoprotein (2, 8,
34). As we have shown here, PCaM is labile and
can be easily converted to CaM if precautions
are not taken to minimize dephosphorylation.
Furthermore, PCaM is only a minor component
of conventional preparations of CaM, but its
presence can be conclusively demonstrated in

_ I E F
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FIG. 5. Incorporation of 32p into the acidic CaM
variant. Whole brain slices were incubated with
H332P04 and submitted to urea extraction in Tris-urea-
EGTA buffer, and the extracts were analyzed by two-
dimensional PAGE. (A) Autoradiogram. Only the
acidic spot of CaM is labeled (arrow). (B) Coomassie
blue staining of the gel. The arrow shows the position
of the acidic CaM variant (8').

whole brain extracts containing phosphatase in-
hibitors.
What is the cellular function of PCaM? As we

have shown, there was no observable change in
the electrophoretic mobility of PCaM in the
presence or absence of Ca2+, suggesting that
phosphorylation of CaM may suppress its inter-
action with Ca2 . Similarly, it has been shown
that methylation of CaM is also followed by an
insensitivity to Ca2' (13). Some Ca2+-indepen-
dent properties of CaM have already been re-
ported as, for example, the Ca2+-independent
stimulation ofBordetella pertussis adenylate cy-
clase by CaM (15). Thus, covalent modification
of CaM by phosphorylation may be a mecha-
nism that regulates Ca "-independent physiolog-
ical functions of CaM. The Ca2+-independent
association ofCaM with PhK, as the 8 subunit of
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FIG. 6. Phosphorylation of CaM by PhK. The CaM preparation shown in Fig. 1A was added in increasing
quantities to a crude preparation of PhK. Quantification of the radioactivity was achieved by liquid scintillation
counting. The slope of the line gives 0.10 nmol of phosphate from [(-32P]ATP transferred to 10 nmol of CaM. The
initial labeling, without CaM added, corresponds to the autophosphorylation of enzyme-bound CaM as its 8
subunit. Inset, autoradiogram of the gel. Each experimental point of the line corresponds to the CaM band in
each lane of the autoradiogram.

this enzyme, constitutes another example of a

Ca2+-independent interaction of CaM (12, 23).
The existence of PCaM may lead also to the
elucidation of the regulation of some dephos-
phorylation processes such as that mediated by
brain calcineurin, a two-chain enzyme known to
be a CaM-dependent phosphatase (32, 35). Fur-
thermore, as discussed by Cohen (10), CaM is
closely interrelated with cAMP in the hormonal
or neuronal control of cellular activity leading to
physiological events. This control occurs mainly
by protein phosphorylation, and phosphoryla-
tion of CaM may be an additional level of
control.
The fact, as we have demonstrated, that the 8

subunit of PhK can be phosphorylated makes
this region of the molecule very important for
the understanding of its enzymatic activity. Al-
though the phosphorylating activity of PhK was

among the first known processes of phosphor-

ylation (10), the mechanism of its action is not
elucidated (21). The 8 subunit confers to the
enzyme its sensitivity to Ca2' (11); its phosphor-
ylation may result in an activation of the whole
enzyme. As has been shown, the other subunits
of PhK can also be phosphorylated by a cAMP-
dependent kinase (10, 19). The phosphoryla-
tion of the 8 subunit, however, cannot be due
to a cAMP-dependent mechanism, since the
characteristic sequence for a cAMP-dependent
phosphorylation by the cAMP-dependent ki-
nases is not found in CaM (23). Furthermore,
dogfish skeletal muscle PhK is not regulated by
a cAMP phosphorylation-dephosphorylation
mechanism, as is the case with the mammalian
enzyme (30). The activity of the enzyme from
this early vertebrate relies only upon a Ca2'
CaM-dependent activation, and despite that
fact, it shows a substrate activity toward rabbit
phosphorylase close to that on dogfish phos-
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phorylase. Perhaps phosphorylation of CaM in
dogfish PhK may be a mechanism by which the
enzyme regulates its interaction with Ca2 .

In addition to its possible involvement in the
regulation of the PhK enzymatic activation,
PCaM may also be involved in a number of
membrane phenomena in which fluxes of Ca2+
play a vital role for any change in cellular
metabolism (23). In the cardiac sarcoplasmic
reticulum, the membrane-bound Ca2+-depen-
dent kinase is very similar to and interchange-
able with PhK and requires CaM. The a and 1
subunits of PhK have been shown to associate
with the sarcoplasmic reticulum, and the mem-
brane-bound kinase could represent a specific
particulate form of PhK (23). A variety of tissues
containing membrane-bound CaM-dependent
protein kinase phosphorylate membrane pro-
teins whose identity and function are yet un-
known (10). The existence ofPCaM is crucial for
the understanding of these membranous sys-
tems. The membrane location of CaM as part of
a multimolecular complex has to be considered
also in the erythrocyte membrane in which CaM
has been shown to interact with spectrin (31) and
in which proteins such as goblin are phosphory-
lated by a CaM-activated protein kinase (1).
Similarly, since spectrin has been shown to be
associated with the plasma membrane and to
bind CaM also in many nonerythroid cells (for
review see reference 24), then PCaM may be an
additional way for cells to regulate membrane-
cytoskeletal interactions.
Among the numerous physiological implica-

tions thus far described for CaM, the evidence
presented here for its phosphorylation opens a
new way in the study of the already available
experimental models involving this small, ubiq-
uitous protein.
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