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Calcium-ion and calmodulin-dependent K-casein kinase in rat mammary acini
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A Ca2+- and calmodulin-dependent casein kinase specific for dephosphorylated
bovine K-casein was identified in a microsomal fraction of mammary acini prepared
from rats in late lactation. This phosphorylation has an absolute requirement for
Mg2+ for either the basal or the Ca2+- and calmodulin-dependent activity. One-halfof
the maximal stimulation is achieved at a calmodulin concentration of 204nM in the
presence of Ca2+. The Ca2+- and calmodulin-dependent kinase activity (but not the
basal activity) is inhibited by trifluoperazine. The casein kinase is associated with
a microsomal fraction enriched in markers for plasma membrane and Golgi (5'-
nucleotidase and galactosyltransferase respectively). The activity of this casein kinase
remains relatively constant throughout lactation, but declines dramatically in 24h
when rats are removed from their pups. This activity may represent the physiological
activity responsible in part or whole for K-casein phosphorylation occurring before
micelle formation and milk secretion.

Caseins are the major proteins found in milk.
This family of proteins is translated, phosphoryl-
ated and formed into micelles before being secreted
by mammary epithelial cells. Casein phosphoryl-
ation occurs after translation has been completed
(Turkington & Topper, 1966) but before micelle
formation can occur (Bingham et al., 1972a).
Earlier work has identified a mammary casein
kinase in rats able to phosphorylate several milk
proteins in a Ca2+- or Mg2+-dependent manner
(Bingham et al., 1972b; Bingham & Farrell, 1974).
These workers found that previous dephos-
phorylation of the substrate caseins enhanced the
enzymic phosphorylation. This enzyme has been
shown to be located in the Golgi apparatus and has
been solubilized and characterized from bovine
sources (MacKinlay et al., 1977; Bingham &
Grove, 1979; Szymanski & Farrell, 1982).
There has been a large number of other kinases

described that use various caseins as substrates
(Hathaway & Traugh, 1982). Most of the kinases
are found in tissues other than the mammary and
they often do not require previously dephos-
phorylated caseins to display maximal activity.
There is no evidence that these kinases participate
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in the physiological phosphorylation of milk
proteins.

During the past few years calmodulin, a Ca2+_
binding protein of approx. 16.8kDa (Cheung,
1980), has been implicated in the control of a
number of cellular processes, including control of
secretion through phosphorylation (Means & Ded-
man, 1980). A number of Mg2+-requiring Ca2+-
and calmodulin-dependent protein kinases have
been described. Of these, the best-characterized
kinase systems are myosin light-chain kinase and
phosphorylase kinase (Walsh et al., 1979; Cohen et
al., 1978). Other Ca2+- and calmodulin-dependent
kinases have been less well characterized and
include a glycogen synthase kinase (Payne &
Soderling, 1980) and a tubulin kinase (Burke &
DeLorenzo, 1981).
As casein phosphorylation is a process integra-

ted with micelle formation and secretion of milk,
control of the protein kinases responsible for
casein phosphorylation may be important in the
regulation of these more distal processes in normal
mammary function. Results of previous studies
implicates calcium metabolism as a potential
regulator of these processes (phosphorylation,
micelle formation and secretion). A Ca2+- and
Mg2+-dependent ATPase transporter has been
identified in the Golgi apparatus of bovine
(Baumrucker, 1978), rat (West, 1981) and mouse
(Neville et al., 1981) mammary tissue. This activity
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reflects the Ca2+-uptake system that partitions
this ion into the interior of the Golgi apparatus.
The mammary casein kinases in rat and bovine
Golgi membranes regulate the phosphoryl-
ation of milk proteins in a Ca2+-dependent manner
(Bingham et al., 1972b; Bingham & Farrell, 1974;
Bingham & Grove, 1979; MacKinlay et al., 1977;
Szymanski & Farrell, 1982). Farrell (1973) demon-
strated phosphorylation of asi-casein to be re-
quired for normal micelle formation in the pres-
ence of K-casein and Ca2+. Finally, in tissues,
including islets of Langerhans (Hedeskov, 1980),
pancreatic acini (Hokin, 1966), pituitary cells
(Tashjian et al., 1978) and mammary acini (Smith
et al., 1982), Ca2+ has been demonstrated to be
necessary during secretion. Because Ca2+ might
regulate casein phosphorylation directly through a
calmodulin-dependent kinase, we examined the
effect of Ca2+ and calmodulin on the control of as-
casein and K-casein phosphorylation in prepara-
tions derived from mammary acini of lactating
rats.

Experimental

Calmodulin was purified by a fluphenazine
affinity column (Charbonneau & Cormier, 1979).
a-Casein was purchased from Sigma Chemical Co.
(St. Louis, MO, U.S.A.) and was prepared by
differential isoelectric precipitation (Warner,
1944). Analysis of this product by sodium dodecyl
sulphate / polyacrylamide -gel electrophoresis
(Laemmli, 1970) or urea/polyacrylamide-gel elec-
trophoresis revealed two major caseins, as, and K.
Other minor members of the as- casein family were
also present. The identity ofasl-casein as the upper
band (Fig. 2, lane 2) on sodium dodecyl
sulphate/polyacrylamide-gel electrophoretograms
was determined by its molecular mass and its co-
migration with pure asx--casein. K-Casein was
determined to be the lower band on sodium
dodecyl sulphate /polyacrylamide -gel electro-
phoretograms by co-migration with pure K-casein
and its susceptibility to rennin treatment. (K-
Casein appeared on sodium dodecyl sulphate/poly-
acrylamide-gel electrophoretograms at a greater
molecular mass than that indicated by sequence
data. This is presumably due to the carbohydrate
moiety attached to threonine-1 31.) K-Casein was
purified by the method of Thompson (1966). oa-
Casein or K-casein (50mg) was dephosphorylated
by treatment with 70 units (umol/min) of alkaline
phosphatase (bovine intestine; Sigma Chemical
Co.) in 0.5 ml of l0mM-Tris/HCl, pH 10, for 7h at
37°C and chromatographed on Sephadex G-100
(Pharmacia, Piscataway, NJ, U.S.A.) in 5mM-
ammonium bicarbonate buffer. Dephosphorylated
casein was freeze-dried and stored at - 200C.

[y-32P]ATP was purchased from New England
Nuclear (Boston, MA, U.S.A.). Lactating female
Sprague-Dawley rats were either purchased from
Chappel Breeders (Bel Ridge, MO, U.S.A.) or
obtained from the colony of the Department of
Pediatrics.
Mammary acini were prepared by the method of

Katz et al. (1974) by using collagenase digestion at
37°C followed by extensive washing in Ca2+- and
Mg2+-free iso-osmotic buffer. All subsequent mani-
pulations were performed at 4°C. The prepared
acini were homogenized in TSE buffer (10mM-
Tris/HCl buffer, pH 7.0, containing 300mM-
sucrose and 1mM-EGTA) at 10ml/g wet wt. of
acini, followed by fractionation by differential
centrifugation (Landt et al., 1982). Briefly, homo-
genate was centrifuged at 600g for 5min, and the
pellet was designated P1; the supernatant was then
centrifuged at 145OO0g for 10min, and the pellet
was designated P2; finally the supernatant was
centrifuged at 145OOOg for 60 min, and the pellet
and final supernatant were designated P3 and S3
respectively. The protein concentrations of all
fractions were determined by the method of Lowry
et al. (1951), with bovine albumin as standard, and
they were stored at - 700C.
Enzyme data characterizing the subcellular

fractions have established (C. L. Brooks & M.
Landt, unpublished work) that P1 contained the
nuclei and unbroken cells, that P2 was enriched for
mitochondria, lysosomes, secretory vesicles and
endoplasmic reticulum, and that P3 was enriched
for plasma membranes and Golgi membranes. S3
was designated the cytosolic fraction. Homogenate
or subcellular fractions were employed in casein
kinase assays.
The casein kinase assays were conducted in a

total volume of 100p1 buffered by 50mM-Pipes
(1 ,4-piperazinediethanesulphonic acid)/NaOH,
pH 7.6, and containing 10mM-magnesium acetate.
The homogenate or subcellular fraction in TSE
buffer represented 40u1 of the total volume and
contained between 25 and l00jug of protein. The
protein buffer provided a 0.4mM-EGTA concen-
tration to the reaction mixture in order to minimize
ionic Ca2+ contamination. Each reaction mixture
contained 100lg of casein. Some of the tubes
contained Ca2+ (1mM) and/or calmodulin (0.6-
0.9 UM unless otherwise stated. These ingredients
were preincubated for 2min at 30°C andthe reaction
was begun by the addition of 201 of [y-32P]ATP
(80 M assay concentration, approx. 20OCi/tube).
The reaction was run for i5s at 30°C and was
stopped by the addition of 50yl of a solution
containing 15% (v/v) glycerol, 9% (w/v) sodium
dodecyl sulphate and 6% (v/v) 2-mercaptoethanol,
immediately followed by immersion for 2min in
boiling water.
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Ca2+- and calmodulin-dependent K-casein phosphorylation

Analyses of the reaction products were per-
formed by separation of the phosphorylated pro-
teins by sodium dodecyl sulphate/12%-polyacryl-
amide-slab-gel electrophoresis (Laemmli, 1970).
After being stained and dried the gels were auto-
radiographed. The developed film was used as a
guide to cut the labelled proteins from the gels. The
small rectangles of the gel were rehydrated,
dissolved and their 32P radioactivities measured by
scintillation spectrophotometry. The assay system
was shown to incorporate 32p into K-casein at a
constant rate for at least 1 min.

Results

Dephosphorylated a-casein were added to the P3
fraction with or without Mg2+, Ca2+, calmodulin
and the calmodulin antagonist trifluoperazine in
order to determine the bivalent-cation-specificities
and effect of calmodulin and its antagonist on
casein kinase activities of mammary P3 prepara-
tions. The phosphorylations of the two major
dephosphorylated component proteins of a-casein,
os-casein and K-casein, were easily measured after
electrophoresis of the reaction mixture on sodium
dodecyl sulphate/polyacrylamide gels and auto-
radiography. Dephosphorylated os-casein was
phosphorylated only in the presence of Mg2+
(10mM). Ca2+ (1 mM) did not affect the dephos-
phorylated as-casein phosphorylation or substitute
for Mg2+. The further addition of calmodulin or its
inhibitor trifluoperazine showed no effects on the
phosphorylation of previously dephosphoryl-
ated cxs-casein phosphorylation.

Phosphorylation of previously dephosphoryl-
ated K-casein required Mg2+ (10mM) for basal
activity (Fig. 1). Ca2+ alone did not substitute for
Mg2+ or augment the Mg2+-dependent basal
activity, but when Ca2+ and calmodulin were
simultaneously present in the reaction mixture
phosphorylation of dephosphorylated K-casein by
the casein kinase was increased by an average
of 238%. The Ca2+- and calmodulin-dependent
phosphorylation was attributed to a protein kinase
specific for K-casein. The lack of response to Ca2+
alone suggested that little calmodulin was present
in the P3 microsomal preparation. The presence of
50 pM-trifluoperazine significantly decreased the
Ca2+- and calmodulin-dependent casein kinase
activity. The addition of cyclic AMP, cyclic GMP,
AMP orGMP did not affect the basal or Ca2+- and
calmodulin-dependent activity (results not shown).
The phosphorylation of dephosphorylated and

native casein was compared to determine if the
Ca2+- and calmodulin-dependent K-casein kinase
activity would phosphorylate casein at non-physio-
logical sites, or required dephosphorylated casein
for high rates of activity, implying phosphoryl-
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Fig. 1. Effects of Mg2+, Ca2+, calmodulin and trifluo-
perazine on K-casein phosphorylation

Fraction P3 was assayed for its ability to phosphoryl-
ate previously dephosphorylated a-casein in a 50mM-
Pipes buffer, pH 7.6, containing 0.4mM-EGTA with
additions as indicated: Mg2+ (10mM), Ca2+ (1 mM),
calmodulin (Calm.) (0.63pM) and trifluoperazine
(TFP) (50 uM). The results are from three
experiments where the data were normalized to the
maximal (plus Mg2+, Ca2+ and calmodulin) activity.
The vertical bars represent the standard deviations
for the three experiments.

ation at physiological sites. The K-casein kinase
activity was 0.8+1.8pmol/min per mg
(mean + S.D.) when native casein was used as
substrate. In contrast, when dephosphorylated
casein was the substrate the activity was
44.3 + 24.0pmol/min per mg (mean + S.D.) (Fig. 2).
Clearly these data demonstrate that removal of the
native phosphate of K-casein improves its ability to
serve as a substrate. Dephosphorylation of oxs-
casein did not alter the Ca2+- and calmodulin-
dependent 32p incorporation in the subsequent
kinase assay. Interestingly, the apparent molecular
mass of as-casein on polyacrylamide-gel electro-
phoresis under denaturing conditions decreased
after dephosphorylation. The 54kDa protein sub-
strate for a previously reported (Landt et al., 1982)
protein kinase can be seen as a small band under
these assay conditions, and an additional Ca2+-
and calmodulin-dependent phosphorylation is
present in the assays that used native a-casein as
substrate (approx. 60kDa, lane 5).
The relationship of ots-casein and K-casein

during the kinase reaction was explored by
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Fig. 2. Phosphorylation of native and dephosphorylated K-casein
Membranes of mammary acini of lactating rats were assayed for their Ca2+ and calmodulin-dependent kinase activ-
ity in reactions containing either native (lanes 2, 4 and 5) or dephosphorylated (lanes 3, 6 and 7) a-casein. Lanes 1-3
are the Coomassie Blue staining pattern: 1, molecular-mass standards; 2, reaction mixture containing native casein;
3, reaction mixture containing dephosphorylated casein. Lanes 4-7 are autoradiographs of reactions containing: 4,
native casein; 5, native casein plus Ca2+ and calmodulin; 6, dephosphorylated casein; 7, dephosphorylated casein
plus Ca2+ and calmodulin. Arrow indicates K-casein as determined by sensitivity to rennin. Reactions were conduct-
ed and analysed as described in the Experimental section.

comparing the phosphorylations of dephosphoryl-
ated K-casein when dephosphorylated xs-casein
was present in or absent from the assay mixture.
The K-casein kinase was equally active whether or
not as-casein was present (results not shown).
These results suggest that native oc-casein structure
is not needed for phosphorylation and that K-casein
phosphorylation does not require its association
with as-casein, or that a micelle-like association
before phosphorylation does not impede the
enzyme. The KO.5 of calmodulin for the K-casein
kinase was 3.48 +0.17 Mg/ml (n= 3; mean+S. D.)
(204nM). Calmodulin activation increased rapidly
at low concentrations but saturated at high concen-
trations (Fig. 3).
Acinar starting material appeared to be almost

exclusively epithelial cells, as determined by light-
microscopy. We used differential centrifugation to
prepare several fractions from these cells, with the
P3 fraction particularly enriched for Golgi and

plasma membranes (C. L. Brooks & M. Landt,
unpublished work). The average activity in frac-
tion P3 of K-casein kinase is 34.9 + 1.0 pmol/min
per mg (mean ±S.D.), more than 30-fold enriched
from the homogenate and several-fold more active
than other cellular fractions. A large standard
deviation in fraction P1 activity resulted from a
large variation in the efficiency of homo-
genization. We have previously shown fraction P3
to be enriched 2.5-fold for Golgi membranes and
2-fold for plasma membranes.

Fraction P3 from lactating rats that were 0, 7, 14
and 20 days post partum were assayed to discern if
the activity of K-casein kinase modulated during
lactation. Analysis of variance demonstrated
(Sokol & Rohlf, 1969) no significant differences
between enzyme activities at various times of
lactation. No relationship between the number of
pups nursed and the kinase activity was discerned.
Ca2+- and calmodulin-dependent K-casein kin-
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Fig. 3. Calmodulin titration of Ca2+-dependent casein
kinase activity

Casein kinase assays were performed as described
in the Experimental section with increasing concen-
trations of calmodulin. *, Assays with Ca2+ and
between 0 and 30pg of calmodulin/ml. A, Assays in
which Ca2+ was absent with either 0 or 30pg of
calmodulin/ml. The KO.5 is the calmodulin concen-
tration required for half-maximal activation of the
casein kinase activity in the presence of Ca2+. The
Figure represents the results of one experiment of
the three performed.

ase activity was determined in fraction P3 from
mothers in late lactation who had been removed
from their pups 24 h earlier. The enzyme activity in
a control group (not weaned) was 10.8 + 4.3 pmol/
min per mg (mean+S.D.), whereas that of the
weaned mothers was 1.1+1.7 pmol/min per mg
(mean+ S.D.). Analysis by the Mann-Whitney U-
test revealed a significant decrease (P = 0.05) in
enzyme activity associated with removal of the
pups (Goldstein, 1964). These results were not due
to a redistribution of enzyme into other subcellular
fractions (results not shown). The qualitative
appearance of the protein staining patterns after
electrophoresis was not visibly altered by weaning
for 24h.

Discussion

Our present work has described a new Ca2+- and
calmodulin-dependent protein kinase present in
lactating rat mammary acini that may be physio-
logically important in the phosphorylation of K-
casein. The activity may be associated with the
Golgi apparatus and/or the plasma membrane.
Concentrations of casein kinase are significantly
lowered by a 24h period of pup removal, indicating
that the kinase activity is acutely regulated,
perhaps by the same mechanism that regulates
secretion of milk proteins. In concert with the

findings for other calmodulin-dependent activities,
the full kinase activity requires the simultaneous
presence of both Ca2+ and calmodulin, Ca2+
cannot replace the requirement for Mg2+ for basal
activity, and trifluoperazine, a compound that
binds to calmodulin (Klevit et al., 1981) and blocks
its actions, inhibits the Ca2+- and calmodulin-
dependent stimulation of K-casein kinase. Perhaps
the basal activity is a second enzyme, the Ca2+- or
Mg2+-dependent activity early described by
Bingham et al. (1972b).
An important aspect of the K-casein kinase

activity in rat mammary acini is the requirement
for dephosphorylated substrate. K-Casein is phos-
phorylated in vivo only on serine-149 (Mercier et
al., 1973). The use of native rather than dephos-
phorylated K-casein as substrate decreased the
kinase activity by 98%. These results indicate that
the specific availability of serine-149 for
phosphorylation is a requirement for kinase activ-
ity. This fact, and the observation that the K-casein
kinase activity was rapidly lost once the pups were
weaned, suggests that the Ca2+- and calmodulin-
dependent K-casein kinase may participate in K-
casein phosphorylation and secretion in vivo.

There are several similarities between our
activity and that reported in rats by Bingham &
Farrell (1974) and Bingham et al. (1972b). Both
activities can be found in preparations enriched in
Golgi membranes, and both are more active when
a dephosphorylated substrate is added. Cyclic
AMP did not affect either activity. There are also
several important differences. First, the Ca2+- and
calmodulin-dependent K-casein kinase requires
Mg2+ for basal activity, whereas the other enzyme
was fully active in the presence of either Mg2+ or
Ca2+; secondly, the K-casein kinase activity is
dependent on Ca2+ and calmodulin for full
stimulation; thirdly, this calmodulin-dependent
kinase activity uses only dephosphorylated K-
casein as a substrate, as no calmodulin-dependent
stimulation of as-casein phosphorylation was de-
tected. We also noted an absolute requirement for
Mg2+ in our as-casein kinase activity, which is
inconsistent with the observations made by
Bingham & Farrell (1974) but consistent with those
made by MacKinlay et al. (1977) in bovine tissue.
Assay differences could conceivably account for
the discrepancies between these data, in that our
tissue preparations contained EGTA to eliminate
any Ca2+ carried into the assay by our tissues. We
conclude from these observations that the Ca2+-
and calmodulin-dependent K-casein kinase, as
described here, is a distinct enzyme from the Ca2+-
requiring enzyme previously reported.

Calmodulin-dependent phosphorylation of cas-
ein by other kinase activities is not new. DePaoli-
Roach et al. (1981) demonstrated that phosphoryl-

Vol. 224

199



200 C. L. Brooks and M. Landt

ase kinase from rabbit muscle can phosphorylate
K-casein in a Ca2+- and calmodulin-dependent
manner, and Fukunaga et al. (1982) found a brain
calmodulin-dependent activity that phosphorylat-
ed casein. Since these activities were measured
with native (non-dephosphorylated) casein, phos-
phate was presumably incorporated at non-physio-
logical sites, and these activities are not likely to
be involved in casein phosphorylation in vivo.
The affinity of calmodulin for various protein

kinases shows a large variance. Our K-casein
kinase had a K0.5 of 204nm. This value is near the
median for a group of protein kinases found by our
group in several rat tissues (Landt et al., 1982). The
affinity is similar also to the Km of rat brain tubulin
kinase of 238nM (Burke & DeLorenzo, 1981).
Several kinases display a greater affinity for
calmodulin. These kinases include a calmodulin-
dependent glycogen synthase kinase in rabbit liver
(lOOnM; Payne et al., 1983) and in rabbit skeletal
muscle (27nM; Woodgett et al., 1982). Walsh et al.
(1979) reported an extremely high affinity of
calmodulin and myosin light-chain kinase from
bovine cardiac muscle of 1.3 nm. The significance
of the wide variance in affinity for calmodulin
remains to be verified by use of purified kinase
preparations.
One point of caution must be discussed. The

kinase activity that we describe is in rat tissues and
we have used bovine caseins as substrates. It
remains to be established whether a protein in rat
milk would be phosphorylated in a similar manner.
A K-casein type protein has been described in rat
milk by Hirose et al. (1981). Perhaps this protein
endogenous to the rat, and which shares many
properties with the bovine K-casein (solubility in
Ca2+ and rennin-sensitivities), is the physiological
suostrate in rats. Additionally, the existence of a
Ca2+- and calmodulin-dependent K-casein kinase
needs to be established in bovine tissues.
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