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ABSTRACT The calf uterine 17B-estradiol receptor is a
phosphoprotein. Phosphorylation—dephosphorylation of the
receptor is controlled by a cytosol receptor kinase that acti-
vates the hormone binding and by a nuclear phosphatase that
inactivates this binding. This report concerns the nature of the
17B-estradiol receptor kinase. Highly purified calf uterus 178-
estradiol receptor preinactivated by the nuclear phosphatase
was used as substrate of the purified receptor kinase. Ca®*
and calmodulin stimulate both the kinase-dependent activation
of the hormone binding and **P incorporation from [y-32P]-
ATP into the receptor. Maximal stimulation of hormone bind-
ing activation requires 1 uM Ca®* and 0.6 uM calmodulin.
Fifteen microinolar trifluoperazine is the lowest concentration
that will prevent completely Ca>*-calmodulin stimulation of
the kinase. The receptor is phosphorylated by the receptor ki-
nase exclusively on tyrosine. Phosphorylation of proteins on
tyrosine is a rare event implicated in hormone-induced cell
growth and cell transformation.

Reversible covalent modifications regulate the activities of
several enzymic and nonenzymic proteins. Since the finding
that glycogen phosphorylase exists in a dephosphorylated
and phosphorylated form, several proteins have been shown
to undergo the same interconversion, which is controlled by
protein kinase and phosphoprotein phosphatase (1, 2). Re-
ceptors of immunoglobulin E (3), acetylcholine (4, 5), epi-
dermal growth factor (6), and insulin (7) are phosphopro-
teins, and evidence is accumulating that steroid receptors
are phosphorylated. Phosphorylation appears to be a prereg-
uisite for the hormone binding activity of steroid receptors:
cortisol binding in thymocytes has been correlated to the lev-
el of ATP (8); ATP enhances the hormone binding of crude
androgen receptor (9); hormone-free glucocorticoid receptor
is inactivated by an exogenous alkaline phosphatase and by a
process inhibited by molybdate and reactivated by a process
requiring ATP (10, 11). In addition, phosphorylation—de-
phosphorylation appears to play a role in converting the re-
ceptor to the form that is retained by nuclei or by ATP or
DNA covalently linked to Sepharose or to similar polymers
(12-14).

Recently chicken progesterone receptor has been phos-
phorylated in vivo (15) and by an exogenous cAMP-depen-
dent kinase in vitro (16). The glucocorticoid receptor of in-
tact fibroblasts also has been phosphorylated (17). The phos-
phorylation of these two steroid receptors is on serine; the
role in receptor function of this phosphorylation is unknown.

Direct evidence is now available that the estradiol recep-
tor is a phosphoprotein and that phosphorylation is required
for hormone binding (18). Phosphorylation—dephosphoryla-
tion of this receptor is controlled by a cytosol kinase (19) and
by nuclear phosphatase, respectively (20-22). After the
phosphorylated estradiol receptor has migrated into the nu-

The publication costs of this article were defrayed in part by page charge

clear compartment in complex with the hormone, it is appar-
ently inactivated by the nuclear phosphatase and rapidly re-
leased into the cytoplasm (23). The two enzymes that regu-
late the hormone binding have been partially purified and
characterized (19-22).

The nature of the protein kinase and phosphatase, the fac-
tors that regulate these enzymes, and the amino acid resi-
dues that are phosphorylated are not known. For instance,
could the kinase be activated by cyclic nucleotides and/or
calmodulin, and are serine, threonine and/or tyrosine resi-
dues phosphorylated? In preliminary studies with crude
preparations of estrogen receptors, we found that Ca?* can
stimulate estradiol binding in the presence of the kinase (19).
In the current studies we have used highly purified estrogen
receptors and find that calmodulin, in a Ca?*-dependent
manner, can activate this kinase. We have further analyzed
the nature of the phosphorylation and report that tyrosine is
the only amino acid of the estradiol receptor phosphorylated
by the kinase.

MATERIALS AND METHODS

Materials. All reagents were of analytical grade. Cellulose
thin-layer plates (250 um) were from Machery-Nagel (Dii-
ren, F.R.G.). 17{3—[2,4,6,7-3H]Estradiol (85 Ci/mmol; 1Ci =
37 GBq) and [y- ZPJATP (3000 Ci/mmol) were from the Ra-
diochemical Centre. Trifluoperazine dihydrochloride was
generously donated by Smith Kline & French (Welwin Gar-
den City, Herts, U.K.).

Buffers. The following buffers were used: 50 mM Tris-HCI
(pH 7.4) containing 2 mM dithiothreitol and 1 mM EDTA
without (TED buffer) or with 0.25 M sucrose (TED/sucrose
buffer); 10 mM Tris-HCI (pH 7.4) containing 1 mM dithio-
threitol and 5 mM MgCl, (TDM buffer). In most of the ex-
periments described in this paper the EDTA in the TED
buffer was substituted by 0.2 mM EGTA (TGD buffer).

Purification of Receptor Phosphatase and Receptor Kinase.
Calf uterus was homogenized in TGD/sucrose buffer, and
the phosphatase was purified from nuclear extract by CM-
cellulose chromatography as reported (21). The supernatant
from the original homogenization was centrifuged to prepare
cytosol that was the source of the receptor kinase. The latter
was purified according to a previously described procedure
based on ammonium sulfate fractionation, heparin-Sepha-
rose, and DEAE-cellulose chromatography (19). This proce-
dure results in at least 300-fold, and possibly >2000-fold, pu-
rification of the enzyme over crude cytosol (19). The arbi-
trary units of both enzymes were calculated as reported (19,
21).

Purification of Cytosol 17B-Estradiol Receptor. The recep-
tor was purified from calf uterus by affinity chromatography
on heparin-Sepharose followed by affinity chromatography
on 17B-estradiol-17-hemisuccinyl-hexane-agarose as report-
ed (24). The final purification step of the original procedure,
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Sephadex G-200 chromatography, was omitted. Extensive
washing of the estradiol-agarose column before elution,
yields pure receptor, as indicated by gel electrophoresis
showing a single protein band coincident with a single peak
of 17B-[*H]estradiol bound to the receptor (18).

Polyacrylamide Gel Electrophoresis. Slab gel electrophore-
sis under nondenaturating and denaturating conditions was
performed as reported (18). The final polyacrylamide con-
centration of gel was 5% (wt/vol).

After electrophoresis, some gel lanes were stained for pro-
teins by the silver stain method (25). Others were cut into 3-
mm slices with a Bio-Rad gel slicer apparatus. In some ex-
periments each slice was solubilized by 3 hr of incubation
with 1 ml of Soluene (Packard), then added to 3 ml of Beck-
man MP scintillation li%uid, and assayed for radioactivity. In
other experiments the *?P-phosphorylated receptor was ex-
tracted from the gel.

Extraction of Receptor from Gel Lanes. Slices containing
the receptor were rehydrated in 1% NaDodSO, by boiling
for 30 min, and then they were homogenized and extracted
with 1 ml of 1% NaDodSQO,. Bovine serum albumin was add-
ed (0.5 mg/ml) as carrier, and proteins were precipitated
with 5 vol of acetone at —17°C (26); the pellets were dried
and submitted to acid hydrolysis.

Phospho Amino Acid Analysis, The acid hydrolysis of sam-
ples containing 3*P-phosphorylated receptor was performed
under vacuum in 6 M HCI at 110°C for 3 hr. The samples
were then lyophilized and solubilized with 100 ul of H,O
containing 250 ug of each of the following three phospho
amino acids: phosphotyrosine, synthesized according to a
previous report (27), phosphothreonine, and phosphoserine.
Twenty-five-microliter aliquots were submitted to thin-layer
electrophoresis at pH 1.9 in formic acid/acetic acid/H,0,
44:156:1800, 1000 V for 2.5-3 hr. When indicated, this elec-
trophoresis was followed by electrophoresis in the second
dimension at pH 1.9 for 30 min. Bidimensional electrophore-
sis was also performed at pH 1.9, 1000 V for 90 min, fol-
lowed by a run at pH 3.5 in acetic acid/pyridine/H,0,
50:5:945, 1000 V for 45 min. The plates were stained with
ninhydrin and then exposed for autoradiography with Kodak
XAR film at —80°C with a Lanex intensifying screen in a
Kodak X-Omat cassette for 90 min.

Inactivation of the 178-Estradiol Receptor by Incubation
with the Nuclear Phosphatase. Aliquots of the purified recep-
tor preparations (7.7-19 pmol of the 17B-estradiol binding
sites) in TGD buffer containing 1 uM 178-[*Hlestradiol (6
Ci/mmol) were incubated with 21-79 arbitrary units of puri-
fied nuclear phosphatase (21) in a final volume of 1 ml for 20
min at 25°C; 30-70% of the hormone binding sites were inac-
tivated during incubation. These receptor preparations were
used as substrate of the receptor kinase to monitor the hor-
mone binding activation and *P phosphorylation of the re-
ceptor.

Hormone Binding Activity of Purified Receptor. Bound es-
tradiol was separated from free hormone by dextran-coated
charcoal treatment as described (21). Supernatant (0.2 ml)
was added to 3 ml of scintillation liquid and the radioactivity
was measured in a Beckman LS-7000 spectrometer with 45%
efficiency.

RESULTS

Ca’* and Calmodulin Stimulate the Receptor Kinase Acti-
vation of Estradiol Binding Receptor. 173-[*H]Estradiol re-
ceptor was extensively purified (24). Polyacrylamide gel
electrophoresis under nondenaturing conditions of the puri-
fied receptor produces a single band of protein coincident
with a peak of 178-[*H]estradiol binding (18). The hormone
binding of this receptor was partially inactivated by the puri-
fied nuclear phosphatase in TGD buffer. ATP and purified
receptor kinase were added to the buffer and the activation
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Fic. 1. Effect of Ca?* and calmodulin on time course of hor-
mone binding activation of 17B-estradiol receptor by the kinase. Pu-
rified estradiol receptor binding 10 pmol of hormone was partially
inactivated by incubation with the nuclear phosphatase; 4.5 pmol of
hormone binding sites were still active at the end of the incubation.
The receptor was then used as a substrate of the kinase. The binding
activation of the receptor was monitored at 15°C in 50 mM Tris-HCI
(pH 7.4) containing 2 mM dithiothreitol and 0.2 mM EGTA (TGD
buffer) at the indicated times in the presence of 5 mM MgCl,, 10 mM
Na,MoO,, 0.15 mM ATP, and 41 arbitrary units of purified kinase
with (@) or without 1 uM free Ca2* obtained by adding CaCl, and 0.6
uM calmodulin (0) in a final volume of 1.5 ml. Free Ca®* concentra-
tion was calculated by using an apparent binding constant for Ca/
EGTA of 7.61 x 10° M~! (28) and verified with a Ca**-specific elec-
trode (Radiometer). Hormone binding was assayed by treating the
receptor sample with dextran-coated charcoal.

was monitored during incubation under several conditions.

The time course of hormone binding activation by the ki-
nase in the absence and in the presence of Ca?* and calmod-
ulin is shown in Fig. 1. The activation is linear for about 8
min and it is stimulated by Ca?* and calmodulin. Added sep-
arately, Ca?* and calmodulin have no stimulatory effect on
this activation (not shown).

A dose-response curve for calmodulin-stimulated activa-
tion of hormone binding is shown in Fig. 2. The half-maximal
rate of activation was reached at ~60 nM calmodulin. The
effect of various concentrations of Ca?* on the activation is
shown in Fig. 3. Half-maximal stimulation is observed with a
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Fi1G. 2. Dependence of kinase activation of hormone binding of
17B-estradiol receptor on calmodulin. Pure estradiol receptor bind-
ing 7.7 pmol of hormone was inactivated by incubation with the nu-
clear phosphatase and then used as a substrate of the kinase. The
binding activation of the receptor was monitored in TGD buffer for
10 min at 15°C, in the presence of S mM MgCl,, 10 mM Na,MoO,,
0.15 mM ATP, 16 arbitrary units of purified kinase, 1 uM free Ca**
obtained by adding CaCl,, and the indicated amounts of calmodulin
in a final volume of 1.5 ml.
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FiG. 3. Dependence of kinase activation of hormone binding of
17B-estradiol receptor on calcium. Pure 17B-estradiol receptor bind-
ing 10 pmol of hormone was inactivated by incubation with the nu-
clear phosphatase and then used as a substrate of the kinase. The
binding activation of the receptor was monitored in TGD buffer for
10 min at 15°C in the presence of 5 mM MgCl,, 10 mM Na,MoO,,
0.15 mM ATP, 41 arbitrary units of purified kinase, 0.6 uM calmod-
ulin, and the indicated amounts of free Ca®* obtained by adding

CaClz.

free Ca®* concentration of about 0.80 M. When the activa-
tion was measured in the presence of various concentrations
of trifluoperazine, a drug known to inhibit calmodulin-sensi-
tive enzymes (29), half-maximal inhibition of Ca?*- and cal-
modulin-stimulated activation was observed at a concentra-
tion of about 7 uM (Fig. 4). A high concentration of trifluo-
perazine in the absence and in the presence of calmodulin
was equally effective in partially inhibiting the activation
(Fig. 4). This fact suggests that endogenous calmodulin con-
tamination of the kinase, the phosphatase, or the receptor is
not responsible for the activation observed in the absence of
exogenous calmodulin. Various concentrations of c(AMP and
cGMP (from 1 uM to 1 mM) have no effect on the activation
of hormone binding by the purified kinase (not shown).
Ca?* and Calmodulin Stimulate Phosphorylation of Estra-
diol Receptor by the Receptor Kinase. The pure 178-estradiol
receptor, preinactivated by the nuclear phosphatase, incor-
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Fi1G. 4. Effect of trifluoperazine on the receptor kinase activa-
tion of 17B-estradiol in the presence of Ca®>* and calmodulin. Pure
17B-estradiol receptor binding 15 pmol of hormone was inactivated
by incubation with the nuclear phosphatase and used as a substrate
of the kinase. The binding activation of the receptor was performed
in TGD buffer as described in the legend to Fig. 2 with the difference
that 0.6 uM calmodulin, 28 arbitrary units of kinase, and the indicat-
ed amounts of trifluoperazine were used (®). In one sample the bind-
ing activation was measured in the absence of exogenous calmodulin

(8).
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porates 3?P when activated by the kinase in the presence of
[v-**PIATP (18). The experiments reported in the previous
section show that Ca?* and calmodulin stimulate the activa-
tion of hormone binding by the kinase. The question now
arises as to whether Ca®* and calmodulin stimulate phospho-
rylation of receptor to the same extent. A pure receptor
preparation was inactivated by the nuclear phosphatase,
then divided in two portions, and activated by the cytosol
kinase by using [y->*P]ATP with and without Ca?* and cal-
modulin. After 8 min of incubation calmodulin stimulated
the activation of hormone binding 3.28-fold (see legend to
Fig. 5). The two samples of activated receptors were submit-
ted to polyacrylamide gel electrophoresis under nondenatur-
ating conditions. A single 3*P peak coincident with the 178-
[*H]estradiol bound to the receptor was observed in both
cases (Fig. 5), thereby confirming that the receptor is phos-
phorylated during activation by kinase (18). Data reported in
the legend to Fig. 5 show that calmodulin stimulates 32P
incorporation into receptor 3.21-fold. Phosphorylation of re-
ceptor did not continue after 15 min of incubation with the
kinase either with or without calmodulin when activation of
17B-[*H]estradiol binding has reached the plateau (not
shown). The excellent correlation between stimulation by
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FiG. 5. Phosphorylation of 17B-estradiol receptor in the absence
and presence of Ca* and calmodulin. Pure 17B-estradiol receptor
binding 13.6 pmol of hormone was inactivated by incubation with
the nuclear phosphatase and used as a substrate of the kinase. The
binding activation of the receptor was monitored in TGD buffer un-
der the following conditions: the incubation temperature was 15°C; §
mM MgCl,, 10 mM Na,MoO,, 0.15 mM [y-*?P]ATP (6 Ci/mmol),
and 21 arbitrary units of purified kinase were added, with or without
1 uM free Ca®* obtained by adding CaCl, and 0.6 uM calmodulin in
a final volume of 1.5 ml. After 8 min of incubation the activation was
2.17 pmol in the absence and 7.12 pmol in the presence of Ca** and
calmodulin. Seventy-five microliter aliquots of each of the two sam-
ples of reactivated receptors were then submitted to slab gel electro-
phoresis at 4°C after exhaustive dialysis against TGD buffer. After
electrophoresis the gel lanes were sliced and each slice was solubi-
lized by Soluene and assayed for *H (A) and **P (B). The incorpo-
ration of 3?P into receptor was 15,628 cpm in the absence and 50,162
cpm in the presence of Ca>* and calmodulin. Open symbols, sample
incubated without Ca2* and calmodulin; closed symbols, sample in-
cubated with Ca®* and calmodulin.
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F1G. 6. Phospho amino acid analysis of the phosphorylated 178-
estradiol receptor. Pure 17B-estradiol receptor binding 8.71 pmol of
hormone was inactivated by incubation with the nuclear phospha-
tase and used as a substrate of the kinase. The binding of the recep-
tor was activated during 10 min of incubation in TGD buffer (see
legend to Fig. 1) under the following conditions: the incubation tem-
perature was 15°C; 5 mM MgCl,, 10 mM Na,MoO,, 0.15 mM [y
32P]ATP (6 Ci/mmol), and 27 arbitrary units of purified kinase were
added, with or without 1 uM free Ca2* obtained by adding CaCl,
and 0.6 uM calmodulin in a final volume of 1.5 ml. The activated
samples were dialyzed extensively against TGD buffer; then 150-ul
aliquots were subjected to NaDodSO,/polyacrylamide gel electro-
phoresis using three different gel lanes for each aliquot. The recep-
tor was then extracted from gel and finally subjected to acid hydrol-
ysis, lyophilized, and solubilized with 100 ul of H,O. Twenty-five-
microliter samples were applied on cellulose thin-layer plates.
Electrophoresis was run at pH 1.9 in one direction (A), at pH 1.9 in
two directions (B), and at pH 1.9 in the first direction and at pH 3.5
in the second direction (C). B, and C, show the electrophoresis of
amino acids from receptor activated in the absence and A, B,, and
C, in the presence of Ca* and calmodulin. Samples of phosphoser-
ine (P-SER), phosphothreonine (P-THR), and phosphotyrosine (P-
TYR) were added to the radioactive samples analyzed. The dotted
lines represent the ninhydrin-stained standards superimposed on
autoradiography.

calmodulin of both activation of hormone binding and phos-
phorylation of receptor lends support to the view that phos-
phorylation is required for 178-estradiol binding to the re-
ceptor.

The Kinase Phosphorylates Tyrosine Residues of Receptor.
Two samples of the receptor phosphorylated with [y-32P]-
ATP by the kinase in the absence and in the presence of
Ca’* and calmodulin, respectively, were submitted to Na-
DodSO, gel electrophoresis according to a previously re-
ported procedure (18). The phosphorylated receptors were
then eluted from the gel and submitted to acid hydrolysis
followed by one-dimensional electrophoresis at pH 1.9. As
previously reported, this electrophoresis separates phospho-
tyrosine clearly from phosphothreonine and effectively from
phosphoserine (30, 31). Phosphotyrosine is the only phospho
amino acid detectable in both samples (Fig. 64 shows the
amino acids from receptor activated in the presence of cal-
modulin). This result is confirmed by bidimensional electro-
phoresis at pH 1.9, which gives a better separation of phos-
photyrosine from phosphothreonine (Fig. 6B) and it is cor-
roborated by a classical bidimensional electrophoresis at pH

-

Proc. Natl. Acad. Sci. USA 81 (1984)

1.9 and pH 3.5 (32) shown in Fig. 6C. About 75% of the ra-
dioactivity applied on the plates was recovered in correspon-
dence of phosphotyrosine.

The analysis of phospho amino acids was also performed
on receptor phosphorylated with [y->2PJATP and not stibmit-
ted to gel electrophoresis. The results were identical to those
shown in Fig. 6C. Hence, it is unlikely that other proteins
not included in the gel are phosphorylated by the kinase.

DISCUSSION

All eukaryotic cells studied thus far contain a calcium bind-
ing protein, known as “calmodulin” (33). This protein is an
intracellular calcium receptor. It binds Ca®* with high affini-
ty and specificity, and many of the effects of calcium on in-
tracellular metabolism are mediated by its binding to this
structurally conserved, small protein. Calmodulin affects cy-
clic nucleotide metabolism via phosphodiesterase and ade-
nylate cyclase, glycogen metabolism via a glycogen synthase
kinase and ghosphorylase kinase, transport of calcium out of
cells via Ca?* ,Mg?*-ATPase, and other important intracellu-
lar processes, including protein phosphorylation (34-36).

Our recent observation that the calf uterine estradiol re-
ceptor can be phosphorylated—dephosphorylated in vitro by
two endogenous enzymes that regulate its hormone binding
activity and that, in crude receptor-containing preparations,
the receptor phosphorylating enzyme is stimulated by Ca?*
(19), led us to investigate whether this stimulation is mediat-
ed by calmodulin. A purified system has been used, which
presumably does not contain endogenous calmodulin. In this
system Ca’* stimulated hormone binding activation of the
receptor by the kinase only in the presence of exogenous
calmodulin. An antidepressant drug, trifluoperazine, which
in the presence of Ca?* binds to calmodulin making it biolog-
ically inactive, prevents Ca?* and calmodulin interference
with the hormone binding activation of the receptor. Ca®*
stimulation of kinase begins at a concentration of about 1
pM. This suggests that in vivo Ca?* stimulates the phospho-
rylation and the hormone binding activity of the estradiol re-
ceptor only when its intracellular concentration increases. In
fact, in mammalian cells the steady-state concentration of
Ca?" in cytosol ranges from 0.01 to 0.1 uM. Cell stimulation
may cause a transient increase of Ca®* to 1 uM or higher. At
this concentration Ca?* binds to calmodulin and the complex
stimulates several enzymic activities (34), including, pre-
sumably, the receptor kinase. The finding that estradiol in-
creases uterine uptake of Ca?* (37, 38) suggests the intrigu-
ing possibility that estradiol stimulates its binding to its own
receptor via increased Ca?* uptake and consequent stimula-
tion of receptor phosphorylation.

The fact that low concentrations of calmodulin activate
the kinase suggests that this protein regulates the kinase ac-
tivity in vivo. The interaction calmodulin-kinase could be
exploited to further purify the kinase by binding the enzyme
to a calmodulin-agarose column as has been reported for the
calmodulin-stimulated glycogen synthase kinase (39).

In the presence of ATP, cGMP added to cytosol of human
endometrium or cells of endometrial cancer lines increases
specific estrogen binding sites, whereas addition of cAMP
causes a decrease of these sites (40, 41). These findings sug-
gest that the effects of the cyclic nucleotides are related to
phosphorylation of the receptor, although under our condi-
tions cyclic nucleotides do not appear to affect the activation
of binding sites by the purified receptor kinase. Neverthe-
less, it cannot be ruled out that cyclic nucleotides affect the
receptor kinase activity indirectly—for instance, via a hypo-
thetical protein kinase phosphorylating the receptor kinase.

It has been postulated that a tyrosyl residue at the binding
site of 17B-estradiol receptor is essential for hormonal bind-
ing (42). In addition, it appears that tyrosine phosphorylation
plays a key role in the control of cellular growth. In fact,
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tumor virus-encoded transformation proteins such as the
avian sarcoma virus-transforming protein, pp 60 src, are
phosphorylated on tyrosine (32). Epidermal growth factor
receptor and insulin receptor are also phosphorylated on ty-
rosine residues (26, 43). The data here reported show that
also in the case of estradiol receptor the phosphorylated resi-
due is tyrosine and that this phosphorylation is necessary for
hormone binding of the receptor. In addition, they show that
tyrosine phosphorylation can be regulated by calmodulin.
Whereas it has been reported that calmodulin-stimulated ki-
nases phosphorylate proteins on phosphoserine and phos-
phothreonine (44, 45), calmodulin has now been demonstrat-
ed to regulate phosphorylation on tyrosine. Therefore, the
17B-estradiol receptor kinase is apparently a member of a
new class of protein kinases—namely, a calmodulin-stimu-
lated tyrosine kinase.
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