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SUMMARY 

The specific protein fraction induced by estradiol in the rat uterus (IP) was purified by selective acid 
precipitation, DEAE cellulose chromatography, Sephadex G200 filtration and preparative cellogel elec- 
trophoresis. 

The determination of specific phosphoprotein phosphatase activities and of the level of IP purification 
after the different preparation steps, confirmed Kaye’s results and allowed to state that IP was not 
a phosphoprotein phosphatase. 

The purified IP preparation did not display any detectable protein kinase activity, nor estradiol 
complexing ability. 

The injection of cordycepin (3’ deoxyadenosine), an inhibitor of poly A synthesis, inhibits the synthesis 
of IP. This fact suggests that one of the earliest effects of estrogen is the production of Hn-RNA 
poly-A relative to IP. Cordycepin does not greatly affect the increase in ribosomal RNA observed 
under the effect of estradiol. 

The blocking of IP by cordycepin and the lack of inhibition at the nucleolus level under the same 
conditions show that the two early effects of the action of estrogen on the immature rat uterus are 
not directly correlated. 

INTRODUCTION 

The in viuo [l-4] and in vitro [3-71 induction of a 
specific fraction (IP) in the uterus of immature or 
ovariectomized rat is one of the earliest events 
brought about by estradiol. Whereas IP synthesis is 
detected 30 min after hormone administration C3-61, 
the synthesis of RNA [SSlZ] and proteins [13-151 
are detectable only 1 or 2 h after injection of the hor- 
mone. 

In the mature cycling rat, IP is synthesized by the 
various uterus tissues [16-173 and its synthetic level 
is closely related to the variations of endogenous 
estradiol and nuclear receptor levels [18-211. 

Some correlations were established between IP in- 
duction and nucleolar activation by estradiol: cyclo- 
heximide blocks both IP synthesis [2] and nucleolar 
activation [S] induced by estradiol; in 5 day-old rats, 
estradiol fails to induce IP synthesis [15] and nucleo- 
lar activation [22]. 

These results allowed some hypothesis on the 
essential role of IP in the mechanism of estradiol 
action to be drawn. The hypothesis of the “Key inter- 
mediary protein” (IP would be responsible of nucleo- 
lar RNA synthesis, and possibly of pre-mRNA syn- 
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thesis which would induce a general protein synthesis 
increase) suggested such a role for IP. 

However as the direct inhibition by cycloheximide 

of nucleolar RNA polymerase was reported [23-241, 
we compared the effects of cordycepine, which is a 
major inhibitor of the poly A synthesis and the new 
messenger expression [25-291, both on nucleolar acti- 
vation and on IP induction by estradiol. 

About the nature of IP, purification was realized 

[30,31]. A phosphoprotein phosphatase activity was 
demonstrated in purified IP fraction [31]. However 
this last result was cancelled recently [32]. We under- 
took a partial purification of IP and determined in 
parallel both IP level and phosphoprotein phospha- 
tase activity. 

MATERIALS AND METHODS 

All experiments were carried out on female Spra- 
gue-Dawley or Wistar rats. The values which are 
given for each type of experiments represent typical 
results which were reproduced at least three times. 

I. IP purification 

1. Treatment qf animals. The experiments were car- 
ried out on 90 immature 19-20 day-old Sprague- 
Dawley female rats. 
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The animals received the following intra-peritoneal 
injections 1 h before sacrifice: 30 control animals 

(divided into 3 groups): 0.2 ml of 0.154 M NaCl + 
loo/ ethanol. 60 estrogen-treated animals (divided 
into 6 groups): 0.2 ml of 10m4 M estradiol in 0,154 M 
NaCl + 107; ethanol. 

The animals were killed by cervical luxation. After 
removal of adipose tissue, each group of 10 uteri was 
incubated for 90min, under a OJCO, (9515) atmos- 
phere, in 3 ml of Eagle’s minimal essential medium 
supplemented with: control : 400 ~1 [I 4C]-serine 
(Amersham Radiochemical Centre, 174 mCi/mmol; 
0.05 mCi/ml): estrogen treated: 400~1 C3H]-serine 
(Amersham Radiochemical Centre. 1740 mCi/mmol; 
0.25 mCi/ml). 

The technique of double labeling allows the 
demonstration of IP [l]. After fractionation of the 
soluble proteins from rat uterus. the fractions whose 
synthesis are not affected by estradiol. are character- 
ized by a fixed ratio R = [“H]/[i4C]. The fractions 
containing IP are characterized by an excess A[13H] 
= [“HI - R. [14C] and by an increased AR/R where 
AR = AC3H]/R. [“Cl. 

2. JP purification. All operations were carried out 
at 4°C. 

At the end of the incubation period, the 90 uteri 
(30 control + 60 estrogen treated) were combined, 
rinsed three times with 100 ml of T, medium (2 mM 
EDTA ; 2 mM p mer~ptoethanol pH 5.5) and ground 
in a mortar with 12 ml of T, medium + 2 g of sand. 
A 30 min centrifugation at 30,000 9 produced a super- 
natant S, at pH 6.6 which was progressively acidified 
to pH 5.5 with 0.1 N A&H. The precipitated proteins 
were eliminated by 30 min centrifugation at 30,000 g. 
The obtained supernatant was dialysed against T, 
(10 mM Tris-HCI, pH 7.5; 5 mM MgCl,; 2 mM [i 
mer~ptoethanol) during 3 h. 

The resulting solution S, was then placed on 
DEAE cellulose column (16 x I cm.) equilibrated in 
T,. The elution was carried out with 150ml of T, 
and then with 400 ml of a linear gradient at a concen- 
tration of NaCl from 0 to 0.4M. The value of 
[3H]/[‘4C] ratio was determined for each fraction. 
The fractions with the most elevated values were com- 
bined and concentrated to 2.5 ml (S,) by ultrafilt- 
ration using Diaflo cell and U M 10 membrane. 

2ml of S3 were immediately placed on a G200 
column (85 x 2.5 cm.) equilibrated in T,. After filt- 
ration the [3H]/[‘“C] ratio was determined for each 
fraction, The IP containing fractions were gathered 
and concentrated to 2.5 ml (S,) by ultrafiltration. 

The electrophoresis of S, on preparative cellogel 
blocks was carried out exactly as described by Somjen 
et al. [15,33]: 0.25 ml of S4 was applied to the cello- 
gel block (12 x 6 x 0.25 cm.). After electrophoresis, the 
tluid of each strip was squeezed out through a 2ml 
syringe. The [3H]/[‘4C] ratio was again determined 
and the IP containing fractions were combined (S,). 

The purification of IP after the different steps was 
followed using electrophoresis on polyacrylamide [6] 

or cellogel [ 15.331 (control of migration, determina- 
tion of AR/R and A [“HI/R [‘4C]). 

II. Phosphoproteirl phosphutusr assays 

The phosphatase activities of samples were based 
on the release of [32P] orthophosphate from phos- 
phorylated substrates according to the technique de- 
scribed by Maeno and Greengard [34]. A cAMP- 
dependent protein kinase extracted from calf uterus 
[35] was used to phosphorylate histones F II A or 
casein. The standard incubation medium contained 
in a final vol. of 2ml: 50mM NaOAc-HOAc buffer 
pH 6.0; 10mM MgjOAc),; i0mM NaF; 4pM 
CAMP; 6.6 PM [1;32P]-ATP (15.5 Ci/mmol); 5 mg 
protein substrate; 450 pg of purified CAMP-dependent 
protein kinase. The reaction was carried out at 30°C 
for I h and stopped by the addition of 0.2 ml 10 mM 
ATP; 0.2 ml 20 mM Na,P,O, and 1 ml 50% trichloro- 
acetic acid. After a 10 min centrifugation at 10,000 y, 

the pellet was dissolved in 2 ml water, and the 
obtained sotution added with ATP, Na,P20, and 
trichloroacetic acid as before. The resulting precipi- 
tate was centrifuged, and the process was repeated 
once more. The final p&et was solubilized in 2mI 
water and dialysed against distilled water for 48 h. 

The phosphoprotein phosphatase assays were per- 
formed at 30°C for 5, 10 or 30min in a total vol. 
of 1 MI ,uI of 100 mM Tris---HCl buffer (pH 7.2) contain- 
ing 2 mM dithiothreitol~ 3 mM EDTA; 20 to 50 pg 
of phosphorylated histones F II A or casein, and 50 
~1 of the various samples diluted in T, so that less 
than 20’>,, of the substrate was hydrolysed. Ortho- 

phosphate was extracted by the method of Pfaut [36] 
as modified by Maeno and Greengard [34]. 

The protein kinase activities of samples were based 
on the incorporation of [32P]-orthophosphate, from 
[y3’P]-ATP, into histones F II A or casein according 
to Kuo and Greengard [373 or Watisla et aI. [38]. 
The activities were measured also in the presence of 
cyclic nucleotides (10 ,L~M CAMP. IO PM cGMP) 
and/or 1OmM ZnCl, (with histones only in order to 
inhibit phosphoprotein phosphatase activity). 

IV. Estradiol binding asswys 

The determinations of estradiol binding activity 
were carried out with the technique described by 
Santi et al. [39]. 

The sum of specific + non-specific bindings was 
obtained after incubation of samples with 1OnM 
[3H]-estradiol, 60 Ciimmol. the non-specific binding 
after incubation of samples with 5 PM [3H]-estradiol, 
120 mCi/mmol. 

V. Cor&crpin &f;ct ori C3H] uridine incorporution in 
RNA 

These experiments were carried out on groups of 
5-18 day-old rats. The animals received: an intra- 
peritoneal injection of isotonic saline solution or 
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cordycepin (25 @g/g weight) followed one half-hour 
later by an injection of isotonic saline solution of 
estradiol (0.16 @g/g weight). The duration of estradiol 
treatment was one and a half hours. Each animal 
received an intra-peritoneal injection of 20&i of tri- 
tiated [5-3H]-uridine (CEA, S.A. 23 Ci/mmol) one 
half-hour before being sacrificed. 

The animals were sacrificed by cervical luxation. 
The uteri were removed and ground in a mortar with 
the use of sand in 1 ml of 0.05% EDTA. The RNA 
extraction technique was that using hot phenol and 
SDS 140,411. 

In control experiments cordycepin was replaced by 
actinomycin D (200 &animal). 

VI. Cordycepin und the specijc protein fraction induced 
by estrudiol 

1. Treatment qf the animals-~ncubution of the uteri. 
The ex~riments were carried out on immature 19-20 
day-old rats. 

The animals (3 or 4 per group) received two intra- 
peritoneal injections of 0.2 ml, the first at one hour 
before sacrifice (control, cordycepin), the second at 
30 min before sacrifice (control, estradiol). 

RESULTS 

1. Pur~cation 0fIP 

IP, which constitutes a small part of the soluble 
proteins extracted from rat uterus, appears as one 
homogeneous fraction for each of the three purifica- 
tion techniques used (Figs. l-3). 

On DE 52, IP is eluted in NaCl, through concen- 
trations between 0.21-0.24 M (fraction numbers 
72-79). On G200, IP is eluted between 240-3OOml 
(fraction numbers 48-60). Its electrophoreti~ mobility 
on polyacrylamide gel or on cellulose acetate is 
l&15% greater than that for BSA. These results agree 
with the parameters reported by others for IP: pHi 
in the order of 4.5-4.7 [33,42,43] and a molecular 
weight around 40-45 x lo3 [33,42]. 

Figures l-3 clearly demonstrate the progression 
realized in the purification of IP. The rate of purifica- 
tion of IP (measured by excess of AC3H] in propor- 
tion to the total quantity of proteins contained in 
the fraction) steadily increased after each fractiona- 
tion as did the maximal increase of AR/R (Table 1). 

At stage Sq, the rate of purification obtained varied 
about 50-60. At stage S5, the rate of purification was 

Groups 1 st injection 2nd injection 

1 NaCl (1) NaCl 
2 NaCl NaCl 
3 NaCl NaCl 
4 NaCl Estradiol (2) 
5 Cordycepin (3) NaCl 
6 Cordycepin Estradiol 

(I) 0.154 M ( + IO?/, ethanol for 2nd injection). 
(2) I 0e4 M in NaCl (0.154 M) + 10% ethanol. 
(3) 5 mg/ml in NaCl (0.154 M). 

Isotope 
incubation 

14C 
3H 
14C 
3H 
14C 
3H 

E3W/C’4~l 
corresponds to 

Control 

Estradiol 

Estradiol/ 
Cordycepin 

The animals were sacrificed by cervical luxation. 
Adipose tissue adherent to the excised uteri was 
removed. Each group of uteri was incubated for 1 h 
under an 02/C02 (9515) atmosphere in 1 ml of Eagle’s 
minimum essential medium which contained: odd 
groups: 100 ~1 of [r4C]-L-serine (Amersham Radio- 
chemical Centre 174 mCi/mmol; 0.1 mCi/ml); even 
groups: 50 ~1 of [3H]-r.-serine (Amersham Radio- 
chemical Centre 1500 mCi/mmol; 1 mCi/ml). 

Demonstration of the induced protein fraction (IP). 
After completion of incubation the uteri of groups 
1 and 2, 3 and 4, 5 and 6, were combined, rinsed 
successively in 3 x 50ml of EDTA (Na,) O.OS%, then 
ground in 0.5 ml of EDTA in the presence of 200 mg 
of sand. The homogenates were centrifuged for 20 min 
at 15,GOOg and the supernatants obtained frozen in 
liquid nitrogen. The three types of supernatants were 
fractionated by electrophoresis on polyacrylamide gel 
and the radioactivities were determined after diges- 
tion of the sliced gels by Soluene. 

always clearly over 100 (evaluated by default, as the 
protein concentration could no longer be determined). 

II. Pho~phuprote~n phosphatase activity 

The phosphoprotein phosphatase activity at differ- 
ent stages of purification of IP is presented in Table 
2. The specific phosphoprotein phosphatase activities 
diminished while the purification of IP progressed 
and the ratio of phosphoprotein phosphatase/IP was 
decreased much more rapidly. An important residual 
phosphatase activity remained at S,. This activity, 
optimal at a pH near neut~lity, and strongly inhi- 
bited by Zn2+, is much more important with respect 
to phosphorylated histones F II A than to phosphory- 
lated casein (Fig. 4); Iacobelli et al. [31] reported 
similar results (protamines > histones :, phosvitin). 
At stage Sg, phosphoprotein phosphatase activity is 
very weak and the ratio of phosphoprotein phospha- 
tase/IP represents less than 0.02% of the value at 
stage S,. 
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Fig. I. DEAE cellulose chromaiography of sol;ble uterine 
proteins from estradiol treated (%) and control (“C) ani- 
mals; A, [‘?Y]-profile (control animals); 3, C3H]-profile 
(estrogen-treated animals); C, [3H]/[f4C]-ratio; D, O.D. 
at 280 nm. 5 ml fractions were collected and ra~oa~tivitjes 
were determined after mixing 0.5 ml aliquots of the frac- 
tions with 10 ml of Instagel Packard. a [3H]-excess repre- 

sentative of IP. 

3nwc 

7. 

6. 

5. 

4. 

1. 

?ix 

Fig. 2. G200 chromatography of DEAE cellulose fractions 
containing estrogen-induced protein; A, [“T]-profile (con- 
trol animals); B, [‘HI-profile (estrogen-treated animals); 
C, [3H]/[‘4C]-ratio. 5 ml fractions were collected. The 
radioactivities were determined as described in Fig. 1. a 

t3H]-excess representative of IP. 

3 

0 2 4 6 8 10 cm 

Fig. 3. Preparative cellogel eIectrophor~is of G200 frac- 
tions containing estrogen induced protein; A, [“%Z]-profile 
(control animals): B, t3H]-profile (estrogen-treated ani- 
mals); C. [JH]/[‘4C]-ratio. After electrophoresis the cello- 
gel block was sliced into strips (0.4 x 6 x 0.25 cm). Each 
l/2 strip was treated by 1 ml of soluene 350 during 12 h 
at 60°C. After mixing with 10ml of scintillation cocktail 
the radioactivities were determined. Arrow indicates the 

migration of BSA. lli [3H]-excess representative of IP. 

Parallel measurements of IP and phosphoprotein 
phosphatase activity after fractionation of 250 ,~l 
samples of S,, S, and S4 by preparative electro- 
phoresis on cellogel blocks, allow the distinction 
between IP and phosphoprotein phosphatase activity 
to appear more clearly (Fig. 5). 

III. Other futlctiuns nWLWed 

On the fraction S,, we were not able to reveal a 
protein kinase activity with respect to the histones 
F II A or casein. Our studies made also in the pres- 
ence of cyclic nucleotides (CAMP or cGMP) with or 
without Zn Cl, were negative. 

The S, fraction does not contain a high affinity 
site for estradiol. 

IV. Cordycepirz ej&ect on the spectjk protein jkction 

induced hy estrudiol (Fig. 6) 

The presence of IP was checked by electrophoresis 
in the supernatants from uteri of animals which were 
submitted to 3 types of treatments: “control” group, 
“estradiol” group, “cordycepin-estradiol” group. 
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Table 1. Purification of IP 

CPFp”1 
m9Proteln 

IP 

CPrqH-J 

30.900 

Purification 
AR -mex 

R 

910 1 

95%+-&2 18.6 27,300 1,470 1.6 

95%&.+S3 1.39 23,500 16,910 16.6 
(DE 52) 

0.14 

58.5 
(G 200) 

0.69 72%S3.+S4 0.20 14,900 53,210 

10%s4---L- 

~ 

40.01 960 @6.000 ,100 
ElCXtK+hW~ I 2.60 

S, : first supernatant obtained after homogenization of uteri. 
S,: fraction obtained after acidification to pH 5.5 and dialysis. 
S,: fractions No. 72 to 79 of DE 52 chromatography, reassembled and concen- 

trated by ultrafiltration. 
S,: fractions No. 48 to 60 of GZOO chromatography. combined and concentrated 

by ultrafiltration. 
S,: fluid of fractions No. 21-24 of preparative celiogel electrophoresis combined. 

1. Analysis of’ the control. The fractions obtained 
after electrophoresis all presented an appreciably con- 
stant ratio R = [3H]/[‘4C], thus permitting the elim- 
ination of any effect eventually resulting from the uti- 
lisation of two distinct radioactive samples. 

2. E&-t of’estradiol. The electrophoresis permit the 
demonstration of IP. During the different experiments 
performed, the increase AR of the ratio R varied 

m&s Pi pmoles Pi 

==TE==s t In” 

Table 2. Fhosphoprotein phosphatase activities and IP 

Specific 

PPPase(2) 

> 5.9 

6.82 

3.39 

1.58 

PPPase/lP(3] 

woo 

72 

3.1 

0.46 

c 0.02 

Fractions PPPase(1) 

Sl 

52 

S3 

S4 

S5 

>200 

127 

4.70 

0.44 

c 0.001 

15 30 

Fig. 4. Phosphoprotein phosphatase activity associated 
with partially purified IP:GZOO step (S,). The phosphopro- 
tein phosphatase activity was measured by the amount of 
C3’P]-orthophosphate released from C3*P] labelled protein 
[31]. The [32P]-labelled proteins were obtained as de- 
scribed by Maeno et al. [34]. Substrate concentration was 
0.4pM as phosphate for both histones F II A and casein. 
Incubations were carried out at 30°C in 100 ~1 containing: 
0 ~1 of S, = A [32P]-casein; A [32P]-histones F II A. 10 ~1 
of S4 = 0 C3’PJ-casein; 8 C3’P]-histones F II A. 20~1 

of S4 = 0 [3zP]-casein; l [32P]-histones F II A. 

(1) Total phosphoprotein phosphatase activities of frac- 
tions expressed as nmol [““PI orthophosphate released 
from [j2P] histones F II A during 1 h incubation at 30°C. 

(2) S. A. of phosphoprotein phosphatase. 
(3) Relative phosphoprotein phosphatase activities 

versus IP’s contained. 
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Fig. 5. .IP’s contain and .phosphoprotein phosphatase ac- 
tivities of fractions obtained by preparative cellogel elec- 
trophoresis of samples corresponding with various steps 
of IP purification. I, Sz (acid precipitation and dialysis); 
II, S3 (DE 52 chromatography); HI, S4 (G200 chroma- 
tography). A, [3H]/[14C]-ratio; B, phosphoprotein phos- 
phatase activities. After electrophoresis the celIoge1 blocks 
were sliced and the fluid of each strip was squeezed out. 
IP’s contained were measured from 1OOyl. Assays for 
phosphoprotein phosphatase activities were carried out at 
30°C for: IO, 20 or 30 min in 100 1.11 incubation medium 
containing: 10, 20 or 50~1 electrophoresis fractions and 
[32P]-histones F II A. Phosphoprotein phosphatase ac- 
tivities were expressed as CPM [3zP]-o~hophosphate 
released by 50 pl electrophoresis fraction during 1 h incu- 

bation at 30°C. Arrows indicate positions of IP. 

I 
10 2’0 30 ” 

Fig. 6. Effect of cordycepin on the induction of IP by 
estradiol. Profiles of [3H]/[i4CJ-ratio along electro- 
phoresis acrylamide gels. The soluble protein contents of 
uteri from animals subjected to various treatments (A con- 
trol, l estradiol, H estradiol/cordycepin) have been ana- 

lyzed as described in Materials and Methods. 

between 35 and 65%. The tritium surplus A[3H] 
varied, per uterus treated with estradiol. between 1500 
and 2400 c.p.m. (counting output for 3H in the 
vicinity of 20%) and the ratio A[“H]/R. [‘“C) varied 
between 0.25 and 0.40. 

3. &%ct of estradiol in the presence of’ cordycepi,l 

(25}~g/k~~). Our rest&s confirm those obtained by 
Sijmjen et LZI. [7] concerning the action of cordycepin 
in vitro. 

Cordycepin inhibits the formation of IF. At the 
doses considered, this inhibition, if not total, is at 
least very considerable (> S.5~o in the different exper- 
iments performed). 

V. Cordycepirr e#ect on [3N1-widine incorporation in 

RNA 

The S.A. of the uterus-extracted RNA arc shown 
in Table 3. Estradiol clearly stimulated the global syn- 
thesis of RNA and this stimulation was not notably 
affected by cordycepin. This confirms the observa- 
tions in electron microscopy [22] since the duration 

Table 3. Effects of estradiol and cordycepin on the incor- 
poration of [“HI-uridine in RNA in the rat uterus 

isotonic solution 

isotonic solution 

isotonic solution 

isotnnic solution 

The animals (i8 day-old female rats, 5 animals per 
group) received an initial intraperitoneal injection of iso- 
tonic solution (groups 1 and 2). or cordycepin (groups 3 
and 4, 25mg/kg body weight), or actinomycin D (group 
5, 5 mg/kg body weight), followed one half hour later by 
an injection of isotonic solution (groups 1 and 3) or estra- 
diol (groups 2, 4 and 5). 

The animals received an injection of [3H]-uridine 
(20&i/animal) one half hour before being sacrificed, the 
sacrifice taking place 2 h after the initial injection. The spe- 
cific activities of the RNA were determined as indicated 
in “Materials and Methods” 
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of treatment with e&radio1 used in our experiments Recently Pennequin et al. [48] suggested also that 

(1 h l/2) implies that the stimulation of RNA synthesis IP would not be the KIP implicated in the amplifica- 

is for a large part nucleolar in origin [12]. tion of RNA synthesis. 

It appears from these studies that cordycepin, 
which apparently does not affect the global synthesis 
of RNA, must have a selective role in the uterus 
which we have tried to specify at the level of poly 
A synthesis [44]. 

DISCUSSION 

The function of IP is still unknown. Thus we 
remain ignorant of its eventual role in the mechanism 

of action of estradiol in the rat uterus as well as its 
localization and site of cellular action. The efforts of 
different teams, notably that of Gorski [SO] to isolate 
the messenger for IP should greatly contribute to the 
resolution of these problems. 

The non implication of IP in many estrogen-depen- 
dent systems [45] is one of the most important limi- 
tations about the hypothesis of a Key role for IP 

in the mechanism of estradiol action. Indeed IP in- 
duction was confirmed only in the rat, and moreover 
only in the rat uterus or vagina. 
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