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ABSTRACT To determine relationships between the hor-
monal activation of casein kinase II and its phosphorylation
state, epidermal growth factor (EGF)-treated and EGF-naive
human A-431 carcinoma cells were cultured in the presence of
[32P]orthophosphate. Immunoprecipitation experiments indi-
cated that casein kinase II in the cytosol of EGF-treated cells
contained approximately 3-fold more incorporated [32P]phos.
phate than did its counterpart in untreated cells. Levels of
kinase phosphorylation paralleled levels of kinase activity over
a wide range of EGF concentrations as well as over a time
course of hormone action. Approximately 97% of the incor-
porated [32P]phosphate was found in the fi subunit of casein
kinase II. Both activated and hormone-naive kinase contained
radioactive phosphoserine and phosphothreonine but no phos-
photyrosine. On the basis of proteolytic mapping experiments,
EGF treatment of A-431 cells led to an increase in the average
[32P]pbosphate content (i.e., hyperphosphorylation) of casein
kinase II .8 subunit peptides which were modified prior to
hormone treatment. Finally, the effect of alkaline phosphatase
on the reaction kinetics of activated casein kinase II indicated
that hormonal stimulation of the kinase resulted from the
increase in its phosphorylation state.

Casein kinase II is a ubiquitous serine/threonine kinase
which is located in the cytosol as well as the nucleus of
eukaryotic cells (reviewed in refs. 1-3). Although the detailed
physiological function of the kinase has yet to be delineated,
both in vivo and in vitro, it is capable of phosphorylating a
number of proteins which play critical roles in regulating
cellular growth and metabolism (1-3).
Casein kinase II from most sources exists as a heterotet-

ramer with an a2f32 structure (1, 4, 5). The a subunit ranges
in molecular mass from 35 to 44 kDa (1-3). On the basis of
activity and modification studies, it has been identified as the
enzyme's catalytic subunit (6-8). In addition, a is homolo-
gous with the catalytic domains of several other serine/
threonine kinases (9), especially with the catalytic domain of
the yeast cell division cycle protein kinase CDC28 (10). The
,8 subunit ranges in molecular mass from 24 to 29 kDa (1-3)
and is the acceptor site for an intramolecular autophosphor-
ylation reaction (4, 5, 8, 11). Neither the function of this
subunit nor the purpose of its autophosphorylation is known.
However, the 83 subunit appears to be required for optimal
kinase activity (7).

Casein kinase II is cyclic nucleotide independent and
calcium/calmodulin insensitive (1-3). Thus, for many years
the enzyme was believed to be unregulated in the cell. Recent
evidence indicates that this is not the case. The physiological
activity of casein kinase 1I is transiently stimulated by a

number of polypeptide hormones, including insulin (12, 13),
insulin-like growth factor 1 (13), and epidermal growth factor
(EGF) (12, 14). A similar activation is observed upon serum
stimulation of deprived cells (15).
Following a-50-min treatment of human A-431 carcinoma

cells with EGF, cytosolic casein kinase II activity rises
approximately 4-fold (14). Kinase activity returns to baseline
(i.e., the level found in cytosol of hormone-naive cells) when
cytosol from EGF-treated cells is incubated with alkaline
phosphatase prior to assay (14). This suggests that the
hormonal regulation of casein kinase II depends on a terminal
phosphorylation event: modification ofeither the kinase itself
or a stimulatory factor.
To determine whether EGF stimulation of casein kinase II

results from a change in the phosphorylation state of the
kinase, A-431 cells were cultured in the presence of
[32P]orthophosphate. EGF treatment of cells increased the
radioactive phosphoserine/phosphothreonine content of the
kinase's 8 subunit -3-fold. Moreover, removal of these
phosphate groups by alkaline phosphatase converted the
reaction kinetics of EGF-stimulated casein kinase II to those
of the hormone-naive enzyme. Thus, hormonal activation of
casein kinase II appears to result from a hyperphosphoryla-
tion of the kinase.

EXPERIMENTAL PROCEDURES
Materials. EGF was isolated from mouse submaxillary

glands by the procedure of Savage and Cohen (16). Rabbit
antiserum directed against Drosophila casein kinase II was
prepared as previously described (17). Tris, insolubilized
(agarose-linked) calf alkaline phosphatase, protein and phos-
phorylated amino acid standards, Staphylococcus aureus V8
protease, and Streptomyces griseus protease were from
Sigma; Formalin-fixed Staph. aureus cells (Pansorbin) were
from Calbiochem; a-chymotrypsin and trypsin (TPCK-
treated) were from Worthington; ATP was from Pharmacia
LKB; the peptide phosphate acceptor Arg-Arg-Arg-Glu-
Glu-Glu-Thr-Glu-Glu-Glu was from Peninsula Laboratories;
and [y-32PJATP (3000 Ci/mmol; 1 Ci = 37 GBq) and
[32P]orthophosphate (carrier-free in aqueous solution) were
from Amersham.

Cell Culture. Human A-431 carcinoma cells were cultured
as previously described (14). Unless stated otherwise, EGF-
treated cells were incubated with the hormone (200 ng/ml
final concentration) for 50 min prior to harvest. A 50-min
point was employed as it represents the time after hormone
treatment at which casein kinase II activity is maximal (14).
When appropriate, cells were metabolically labeled by adding

Abbreviation: EGF, epidermal growth factor.
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[32P]orthophosphate (10 uCi/ml final concentration) to the
growth medium 12 hr prior to harvest.

Preparation of Cytosolic Extracts. Cells were harvested and
cytosolic extracts were prepared as described by Ackerman
and Osheroff (14).

Casein Kinase II Activity Assay. The casein kinase II
activity in cytosolic extracts was determined by the ability to
phosphorylate the peptide Arg-Arg-Arg-Glu-Glu-Glu-Thr-
Glu-Glu-Glu. This peptide is a specific phosphate acceptor
for casein kinase II in a variety of systems (12, 18-20),
including human A-431 cell cytosol (14). Unless stated oth-
erwise, assays were carried out in 30 gl of 50 mM Tris HCl,
pH 8.2/50 mM NaCl/25 mM KCI/10 mM MgCl2/10luM
sodium orthovanadate containing 15 ttM [y-32P]ATP (2 Ci/
mmol) and 0.15 mM peptide substrate. Reactions were ini-
tiated by the addition of 1 pl (-9 ug total protein) of A431
cytosolic extract (obtained from cells harvested at 3.5 x 107
cells per plate) and were allowed to proceed for 1 min at 230C.
When the kinetics of casein kinase II activity were examined,
reaction mixtures contained either 15 ,M [y-32P]ATP and
peptide substrate in the concentration range 0.1-5mM or 0. 15
mM peptide and [y-32P]ATP in the concentration range 3-60
,uM. In all cases, phosphorylation was stopped by spotting
reaction mixtures onto Whatman P81 ion-exchange paper.
Papers were washed five times with 0.5% phosphoric acid
and twice with 95% ethanol and dried. Phosphorylation was
quantitated by using a Beckman LS 5000 TD liquid scintil-
lation counter and Ecolume liquid scintillant (ICN). Assays
always were carried out in duplicate and radioactivities were
measured twice and averaged. When appropriate, cytosol (24
,pl) was treated with alkaline phosphatase (0.5 unit, 4 ,ul of
packed beads) prior to assay (14).

Immunoprecipitation of Casein Kinase II from Cytosolic
Extracts. Human casein kinase II was isolated from A-431
cytosolic extracts by a modification (21) of the procedure of
Soderquist and Carpenter (22). Briefly, cytosolic extracts of
EGF-treated or naive cells were incubated with 1/10th vol of
rabbit antiserum to Drosophila casein kinase II (17). This
antiserum displays specificity for the mammalian kinase (17),
even in crude extracts of human cells (14). Casein kinase II
was precipitated by the addition of Formalin-fixed Staph.
aureus cells (10% final concentration). Immunoprecipitates
were washed four times with 10 mM Tris HCI, pH 8.5/1.0%o
Triton X-100/1.0% sodium deoxycholate/0.1% SDS/1 mM
EDTA/0.02% sodium azide, resuspended in 100 pul of 250
mM Tris HC1, pH 6.8/8% SDS/20% (vol/vol) 2-mercapto-
ethanol/40% (vol/vol) glycerol/0.004% bromphenol blue,
and heated to 90°C for 30 min. Staph. aureus cells were
removed by centrifugation. Radioactivity was determined by
Cherenkov counting using a Beckman LS 5000 TD liquid
scintillation counter. Alternatively, samples were subjected
to electrophoresis on a denaturing 10% polyacrylamide gel
(23) followed by autoradiography using Kodak XAR film and
a DuPont Lightning Plus intensifying screen. The radioactive
label in the enzyme was quantitated with a Biomed Instru-
ments (Fullerton, CA) model SL-504-XL scanning densi-
tometer.

Identification of Phosphorylated Amino Acid Residues. Im-
munoprecipitated [32P]phosphate-labeled casein kinase II
was purified by electrophoresis on a denaturing 10% poly-
acrylamide gel (23). The band which corresponded to the 83
subunit of the kinase was localized by autoradiography,
excised, and subjected to acid hydrolysis as previously
described (21). The hydrolysate was analyzed by two-
dimensional thin-layer electrophoresis as described by
Hunter and Sefton (24). Phosphorylated amino acid stan-
dards were localized by ninhydrin staining and [32P]phos-
phate was localized by autoradiography.

Partial Proteolytic Mapping of Phosphorylated Casein Ki-
nase II (3 Subunit. Metabolically [32P]phosphate-labeled P

subunit of casein kinase II was isolated as described above.
The subunit was digested by the procedure of Cleveland et al.
(25), using (final concentrations) a-chymotrypsin at 120 Ag/
ml, trypsin at 40 ,ug/ml, Staph. aureus V8 protease at 10
Ag/ml, or S. griseus protease at 20 pug/ml. Samples were
subjected to electrophoresis on a denaturing 12.5% poly-
acrylamide gel (23) and radioactive bands were visualized by
autoradiography.

RESULTS
Effect ofEGF on the in Vivo Phosphorylation State of Casein

Kinase II in A431 Cells. Incubation of human A-431 carci-
noma cells with EGF at 200 ng/ml transiently stimulates
cytosolic casein kinase II activity =4-fold (14). To determine
whether the phosphorylation state of casein kinase II corre-
lates with its physiological activity, A-431 cells were cultured
in the presence of [32P]orthophosphate. The A431 cell line
was employed for this study because of its abundance ofEGF
receptors (26).

Fig. 1 shows the effect of EGF concentration on the
activity and [32P]phosphate content of casein kinase II in
A-431 cytosol at 50 min post hormone treatment. A 50-min
time point was employed for this study because it represents
the time after hormone treatment at which kinase activity is
maximal (14). Kinase activity increased maximally 4-fold and
plateaued at EGF concentrations between 140 and 200 ng/ml.
Parallel results were observed with the enzyme's [32P]phos-
phate content, which plateaued at a 3-fold increase. At all
levels of hormone examined, a strong correlation between the
activity and [32P]phosphate content of casein kinase II was
observed (Fig. 1 Inset). Kinase activity and phosphorylation
were also followed over a time course of EGF (200 ng/ml)
action (Fig. 2). As found previously (14), the activity of casein
kinase II rose 4-fold, peaked at 50 min post hormone treat-
ment, and returned to baseline by *120 min. Over the same
time course, the [32P]phosphate content of the enzyme rose
3-fold, peaked at 50 min, and also returned to baseline by
-120 min. As above, a strong correlation was found between
kinase activity and [3lP~phosphate content at all times ex-
amined (Fig. 2 Inset). The finding that casein kinase II
[32P]phosphate levels not only rose with kinase activation but
fell with kinase deactivation as well provides strong evidence
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FIG. 1. Effect of EGF concentration on the activity and
[32P]phosphate content of casein kinase II in metabolically labeled
human A-431 carcinoma cells. Cells were incubated with EGF for 50
min. *, Relative kinase activity; a, relative [32P]phosphate content
of casein kinase II immunoprecipitates (as determined by Cherenkov
counting). (Inset) Correlation between relative kinase activity (Rel
Act) and relative [32P]phosphate content (Rel Phos).
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FIG. 2. Variations in casein kinase II activity and [32P]phosphate

content over a time course of EGF (200 ng/ml) action in metaboli-
cally labeled A-431 cells. Hatched bars represent relative kinase
activity and open bars represent relative [32P]phosphate content in
casein kinase II immunoprecipitates. (Inset) Correlation between
relative kinase activity (Rel Act) and relative [32P]phosphate content
(Rel Phos). e, Data points from 0 to 50 min after EGF; O, data points
from 60 to 120 min after EGF.

that the enzyme's activity is linked to its phosphorylation
state.
To further analyze the above results, radioactive casein

kinase II immunoprecipitates from naive and EGF-treated
(200 ng/ml for 50 min) cells were subjected to electrophoresis
on a denaturing polyacrylamide gel. As seen in an autora-
diogram of the gel (Fig. 3), the only radioactive bands which
were observed corresponded to the a and / subunits ofcasein
kinase II. Immunoblot analysis of parallel gels confirmed the
identification of the kinase subunits (not shown). Moreover,
densitometric scanning of blots indicated that comparable
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amounts of casein kinase II polypeptides had been immuno-
precipitated from EGF-treated and naive cells.
As determined by densitometric scanning of the autora-

diogram shown in Fig. 3, .97% of the observed radioactivity
was incorporated into the , subunit of the kinase. Further-
more, the [32P]phosphate content of the casein kinase II /
subunit from hormone-treated cell cytosol Was -3-fold
higher than that of the 8 subunit from EGF-naive cells. Thus,
the in vivo stimulation of casein kinase II by EGF is accom-
panied by an increased 32P-phosphorylation (i.e., hyperphos-
phorylation) of the kinase's 83 subunit.

Sites of Casein Kinase II Phosphorylation. Two experiments
were carried out as a first step toward characterizing the
site(s) of phosphorylation on the ,8 subunit of casein kinase II
that correlates with the enzyme's hormonal regulation. In
both cases, the casein kinase II /8 subunit from [32P]phos-
phate-labeled EGF-treated or naive cells was isolated by
immunoprecipitation and gel electrophoresis prior to analy-
sis. (In these experiments, radioactivities in the 83 subunits
from +EGF and - EGF cytosols were normalized prior to
digestion.)

First, labeled / subunits were subjected to acid hydrolysis
and two-dimensional thin-layer electrophoresis (24) to deter-
mine the type of amino acid(s) which was phosphorylated in
vivo. Results are shown in Fig. 4. In both the hormone-
treated and naive kinases, radioactive phosphoserine and
phosphothreonine, but no phosphotyrosine, were observed.
This is consistent with the previous finding that activated
casein kinase II does not absorb to anti-phosphotyrosine
antibodies (14). As determined by scintillation counting of
amino acids excised from thin-layer plates, the phosphothre-
onine to phosphoserine ratio remained constant at -0.2:1 in
both samples, despite the overall increase in the [32P]phos-
phate content of the hormone-stimulated kinase. This ratio is
similar to that reported for the autophosphorylation ofbovine
casein kinase II (phosphothreonine-to-phosphoserine ratio,
0.25:1) (5).

Second, to determine the effect ofEGF on the in vivo sites
of casein kinase II phosphorylation, labeled /8 subunits iso-
lated from hormone-treated and naive A-431 cells were
subjected to partial proteolytic digestion (Fig. 5). While such
a procedure does not allow the sites of modification to be
identified at the amino acid level, it readily allows a compar-
ison between the peptides phosphorylated in the presence
and absence of hormone.
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FIG. 3. Immunoprecipitation of 32P-phosphorylated casein ki-
nase II from metabolically labeled A-431 cells. Immunoprecipitates
were subjected to electrophoresis on a denaturing polyacrylamide
gel. An autoradiogram is shown. Cells were grown in the absence
(lane 1) or presence (lane 2) of EGF at 200 ng/ml for 50 min. The
molecular masses of marker proteins (in kDa) are shown at left and
the positions of the a and ,8 subunits of human casein kinase II are
shown at right.

- pH 1.9 +

FIG. 4. Identification of the amino acid residues phosphorylated
in metabolically labeled hormone-naive (Left) and EGF-treated
(Right) A-431 cells. The ,B subunit of casein kinase II was subjected
to partial acid hydrolysis, mixed with phosphorylated amino acid
standards (P-Ser, P-Thr, and P-Tyr), and analyzed by two-di-
mensional thin-layer electrophoresis at pH 1.9 and 3.5. Autoradio-
grams of the thin-layer plates are shown. Broken circles indicate the
positions of amino acid standards. Pi designates the location of
inorganic phosphate.
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FIG. 5. Partial proteolytic maps of 32P-phosphorylated casein
kinase II. The enzyme's P subunit was isolated from metabolically
labeled hormone-naive (odd-numbered lanes) or EGF-treated (even-
numbered lanes) A-431 cells. Maps were prepared by digestion with
a-chymotrypsin (lanes 1 and 2), trypsin (lanes 3 and 4), Staph. aureus
V8 protease (lanes 5 and 6), or S. griseus protease.(lanes 7 and 8). The
molecular masses of marker proteins (in kDa) are shown at left, and
the position of the If subunit of human casein kinase II is shown at
right.

Four proteases with different cleavage specificities were
employed for this experiment; a-chymotrypsin, trypsin,
Staph. aureus V8 protease, and S. griseus protease. For each
protease, a unique banding pattern of phosphorylated pep-
tides was generated after electrophoresis on a denaturing
polyacrylamide gel and autoradiography. For all of the pro-
teases employed, maps of EGF-stimulated and naive casein
kinase 1 subunit were identical (Fig. 5). Thus, EGF
treatment ofA-431 cells does not result in the modification of
new peptides on casein kinase II. Instead it appears that EGF
causes an increase in the average [32P]phosphate content of
peptides which were modified prior to the exposure of cells
to the hormone.

Effect of Alkaline Phosphatase on the Kinetics of EGF-
Stimulated Casein Kinase II. To more fully characterize the
relationship between phosphorylation and the hormonal
stimulation of casein kinase II, the effect of alkaline phos-
phatase on the reaction kinetics of the kinase in EGF-treated
and naive cells was examined (Fig. 6B and D). As determined
from immunoprecipitation experiments with metabolically
labeled A-431 cells, phosphatase treatment removed all of the
incorporated phosphate (including the basal levels found in
hormone-naive cells) from casein kinase II (not shown).

Fig. 6 displays a series ofdouble-reciprocal plots (27) for the
phosphorylation of the specific peptide substrate (18, 19)
Arg-Arg-Arg-Glu-Glu-Glu-Thr-Glu-Glu-Glu by casein kinase
II in cytosol ofhormone-treated and naive cells. In Fig. 6A and
B, the peptide concentration was varied at a constant concen-
tration of ATP, while in C and D, the ATP concentration was
varied at a constant concentration of peptide. As seen in A,
EGF treatment had no effect on the apparent Km (0.83 mM) of
the kinase for its peptide phosphate acceptor. In contrast, the
apparent Vmax of hormone-stimulated casein kinase II was
increased -4-fold, from 41 to 166 pmol/min per mg of protein.
A similar kinetic effect has been reported for insulin-
stimulated casein kinase II from mouse 3T3-L1 cells (12).
As seen in Fig. 6B, treatment with insolubilized alkaline

phosphatase had no significant effect on the reaction kinetics
of casein kinase II in EGF-naive cytosol (apparent Km = 0.77
mM; apparent Vmax = 38 pmol/min per mg of protein). Thus,
basal levels of phosphorylation (i.e., levels found in hor-
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FIG. 6. Effect of alkaline phosphatase on the reaction kinetics of
casein kinase II. Double-reciprocal plots are shown. Activity of the
kinase in cytosolic extracts from hormone-naive (- EGF, o) and
EGF-treated (+EGF, *) A-431 cells was determined by the ability to
phosphorylate the specific peptide substrate Arg-Arg-Arg-
Glu-Glu-Glu-Thr-Glu-Glu-Glu. Cytosolic extracts were incubated in
the absence (A and C) or presence (B and D) of insolubilized alkaline
phosphatase prior to kinase assays. In A and B, peptide was varied
from 0.1 to 5 mM at a constant level of 15 ,4M ATP. In C and D, ATP
was varied from 3 to 60 uM at a constant level of 0.15 mM peptide.

mone-naive cells) do not appear to affect the enzyme's
activity. This result is not surprising, since basal levels of
phosphorylation likely result from the enzyme's autophos-
phorylation activity (1, 2). A number ofprevious studies have
shown that autophosphorylation does not affect the activity
of casein kinase 11 (1, 2, 4, 5). In contrast, phosphatase
treatment of hormone-stimulated casein kinase II greatly
reduced its apparent Vmax. The resulting value of 43 pmol/
min per mg of protein was similar to that of the naive kinase.
As expected, phosphatase did not affect the apparent Km of
the enzyme. In addition, no effect of alkaline phosphatase on
enzyme activity was observed when inhibitors such as van-
adate or EDTA were present at the time of phosphatase
incubation (not shown).

Similar kinetic results were found for the interaction of
casein kinase II with ATP (Fig. 6 C and D). EGF treatment
of cells had no effect on the enzyme's affinity for its phos-
phate donor (apparent Km = 10 kLM) but increased its
apparent Vmax =4-fold. After phosphatase treatment, enzyme
kinetics of EGF-stimulated casein kinase II were similar to
those of the hormone-naive enzyme.
Taken together with the correlation between enzyme ac-

tivity and [32P]phosphate content presented in Figs. 1 and 2,
these phosphatase studies strongly suggest that the hormonal
activation of casein kinase II results from a hyperphosphor-
ylation of its 83 subunit.

DISCUSSION
EGF elicits a number of biological responses in a wide variety
of eukaryotic cells (26, 28-30). Among its many effects is the
transient stimulation of cytosolic casein kinase II activity (12,
14). A previous study (14) on the physiological regulation of
casein kinase II concluded that hormonal activation of the
enzyme required the phosphorylation of either the kinase or
a terminal stimulatory factor. The data presented in the
present investigation indicate that the stimulation of casein
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kinase II by EGF in human A-431 carcinoma cells results
from an increase in the kinase's phosphoserine/phosphothre-
onine content. Sites of hyperphosphorylation are located
predominantly (-97%) in the 13 subunit of the kinase. These
findings strongly suggest that the p subunit plays an impor-
tant role in the physiological regulation of casein kinase II.
EGF-induced hyperphosphorylation of casein kinase II

stimulates catalytic activity by increasing the kinase's appar-
ent Vmax for both its phosphate donor and acceptor. The
enzyme's Km values are not affected. A similar hormonal
effect on the kinetics of insulin-stimulated casein kinase II
has been reported by Sommercorn et al. (12). Thus, diverse
polypeptide hormones such as EGF and insulin may regulate
the cellular activity of casein kinase II by a common bio-
chemical mechanism.

Considering that (i) sites of EGF-induced hyperphospho-
rylation are located in the p subunit of casein kinase II, (ii)
the p subunit contains the primary site(s) of autophosphor-
ylation (4, 5, 8, 11, 31), and (iii) the site(s) of normal cellular
(i.e., basal) modification [which presumably represents at
least in part the site(s) of autophosphorylation] and hyper-
phosphorylation are located in the same peptide(s), it is
possible that hyper- and autophosphorylation are interre-
lated. Since the proteolytic mapping experiments of Fig. 5
produced peptides considerably smaller than 2 kDa, sites of
hyper- and autophosphorylation must be no further than 5 to
10 amino acids apart. Despite the fact that autophosphoryl-
ation in itself does not appear to alter enzyme activity (1, 2,
4, 5), it will be interesting to determine whether sites of hyper-
and autophosphorylation are filled or alter enzyme function
in a synergistic fashion.
The cellular activities of many protein kinases are modu-

lated by phosphorylation (2, 32, 33). In some cases, modifi-
cation is catalyzed by a different kinase, while in others, it is
mediated by an autophosphorylation event. Although the
mechanism by which EGF induces the hyperphosphorylation
of casein kinase II is not yet known, it is clear that this
enzyme must now be added to the growing list of kinases
whose cellular functions are regulated by phosphorylation.
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conscientious preparation of this manuscript. This research was
supported by National Institutes of Health Grants CA-43720 (to
N.O.), GM-33944 (to N.O.), and GM-33237 (to C.V.C.G.) and Basic
Research Grant 1-1074 (to N.O.) from the March of Dimes Birth
Defects Foundation.
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