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Insulin and progesterone activate a common synthetic ribosomal 
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A synthetic peptide Arg-Arg-Leu-Ser-Ser-Leu-Arg-Ala, the structure of which is based on that of a phosphorylated se- 
quence in ribosomal protein $6, was employed as a probe for stimulated kinase activity in Xenopus laevis oocytes induced 
to mature with insulin or progesterone. Insulin elicited an early (20-30 min) 3-fold stimulation of $6 peptide phosphoryl- 
ating activity that was not evident with progesterone. However, both hormones produced a delayed 7-12-fold stimulation 
of $6 peptide phosphorylating activity at the time of germinal vesicle breakdown. The results of DEAE-Sephacel, Se- 
phacryl S-200, TSK-400, and heparin-Sepharose chromatographic fractionation experiments imply that a common $6 
peptide kinase is activated as a consequence of short and long term insulin exposure, as well as in long term progesterone 
treatment of oocytes. Omission of potassium from the oocyte culture medium greatly facilitated insulin-induced meiotic 

maturation. 
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1. I N T R O D U C T I O N  

Recent studies conducted in several laboratories 
including this one [1-8] have indicated that the in- 
creased phosphorylat ion of  r ibosomal protein $6 
that  occurs when mammal ian  cells are exposed to 
insulin, other serum growth factors, or the tumor-  
promot ing phorbol  ester, 12-O-tetradecanoylphor- 
bol-13-acetate (TPA), is catalyzed by a novel 
protein-serine kinase. Similarly, an avian $6 kinase 
is stimulated when chick embryo fibroblasts are 
treated with calf serum or TPA,  or upon retroviral 
t ransformat ion [8,9]. Typically, these stimulations 
of  $6 kinase activity occur within the first 30 min of 
t reatment  [6,7,9]. Insulin treatment of  Xenopus 
oocytes also causes the rapid stimulation of an $6 
kinase [10], and a rapid increase in $6 phosphoryla-  
tion (in vivo) was noted when oocytes were micro- 
injected with purified human placental insulin 
receptor [11]. In addition to this ' immediate  
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response' ,  $6 phosphorylat ion in oocytes has been 
found to be stimulated several hours later in 
response to insulin [12] as well as to progesterone 
[13-16]. Although not examined in response to in- 
sulin, an $6 kinase is activated several hours after 
stimulation with progesterone, just prior to ger- 
minal vesicle breakdown (GVBD) [17] and again as 
maturing oocytes approach second metaphase ar- 
rest [17-20]. Based on its elution characteristics 
f rom DEAE-Sephacel,  the $6 kinase that becomes 
activated under these latter conditions would ap- 
pear to be the enzyme referred to as $6 kinase II 
[18,19], which has been purified f rom Xenopus 
eggs. While purified $6 kinase II f rom Xenopus 
eggs has many similarities to the insulin-activated 
$6 kinase in partially purified preparations f rom 
mammal ian  cells [2,4-6,17,21], it is not settled 
whether the short term insulin-activated kinase and 
the long term progesterone-activated $6 kinase ($6 
kinase II) in Xenopus oocytes are the same enzyme. 
Suggesting that they might be different are the 
reports that they elute f rom DEAE-Sephacel at 0.3 
M NaC1 [10] and 0.16-0.17 M NaCI [17,19], 
respectively. The present study was undertaken to 
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c la r i fy  this  po in t  and  also to de te rmine  charac te r -  
istics o f  a T P A - s t i m u l a t e d  $6 pep t ide  kinase in 
Xenopus oocytes .  

2. M A T E R I A L S  A N D  M E T H O D S  

Bovine (sodium) insulin was purchased from Calbiochem. 
Unless stated otherwise, the sources of all other materials, in- 
cluding the Xenopus laevis females, and the procurement of 
stage VI oocytes are as described [17]. Oocytes were incubated 
either in OR-2 [22] or in the modified OR-2 of Maller and 
Koontz [23] at 20-24°C in the absence or presence of 10"aM in- 
sulin or 1 "ag/ml progesterone. Oocytes were scored for GVBD 
as described [17]. 

For the preparation of extracts, oocytes were transferred into 
a 2-ml Potter-Elvehjem tissue grinder on ice, and ice cold buffer 
A (75 mM ~'-glycerophosphate, 20 mM Mops, pH 7.2, 15 mM 
EGTA, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM Na~VO4) 
was added. The oocytes were rapidly homogenized (5 strokes) 
and centrifuged (5°C) for 15 min at 150000× g in a Beckman 
airfuge or for 20 min at 100000×g in a Beckman TL-100 
tabletop ultracentrifuge. The clear supernatant layer was 
removed, aliquoted, and frozen at -70°C until column 
chromatography or assay. The details concerning all column 
chromatographies are provided in the figure legends. 

Kinase activitiy was measured at 30°C for 15-30 min in the 
presence of 0.25 mM Arg-Arg-Leu-Ser-Ser-Leu-Arg-Ala 
(RRLSSLRA or $6 peptide); 25 ,aM (crude extracts) or 50/tM 
(column fractions) [y-3ZP]-ATP; 400 nM cAMP-dependent pro- 
tein kinase inhibitor peptide [24,25]; and buffer B (30 mM fl- 
glycerophosphate, 20 mM Mops, pH 7.2, 20 mM MgCI2, 5 mM 
EGTA, 1 mM EDTA, 1 mM dithiothreitol, and 0.5 mM 
Na3VO4) in a final volume of 25 ,ul. The reactions were ter- 
minated and the radioactivity incorporated into $6 peptide was 
quantitated as described [2,17]. Protein was estimated by the 
method of Bradford [26] with bovine serum albumin as stan- 
dard. 

3. R E S U L T S  A N D  D I S C U S S I O N  

3.1. Insulin induction o f  oocyte maturation 
Whi le  insul in has been r epor t ed  to induce 

meio t i c  cell d iv is ion in Xenopus and  Rana oocytes  
[23,27-30],  o the r  worke r s  [31-34] have found  litt le 
or  no insul in induced  oocy te  m a t u r a t i o n .  In  our  
own ini t ia l  exper iments  with insulin,  it was also ex- 
t r eme ly  d i f f icul t  to t r igger  m a t u r a t i o n  o f  oocytes .  
F o r  example ,  with oocytes  f rom 6 out  o f  8 females ,  
there  was no evidence o f  G V B D  af ter  10-18 h o f  in- 
c u b a t i o n  with 4 -400  g g / m l  insul in in OR-2 me- 
d ium.  Wi th  oocytes  f rom the r ema in ing  2 females ,  
on ly  a smal l  percen tage  o f  the oocytes  underwent  
G V B D  (10-30070). However ,  when the m e d i u m  of  
Ma i l e r  and  Koon tz  [23] was used,  a higher  and  
m o r e  cons is ten t  response  to insul in was observed.  

Using  popu la t ions  o f  oocytes  f rom 21 females ,  15 
showed 100% G V B D  8-22 h af ter  insulin add i t ion ,  
1 underwent  70°7o GVBD by 22 h, and  the re- 
ma in ing  6 r e sponded  p o o r l y  or  not  at  all.  As  
r e p o r t e d  [12,27], insu l in- induced  GVBD lagged 
beh ind  p roges t e rone - induced  GVBD,  a l though  the 
lag var ied  f rom less than  1 h to as much  as 4-5 h 
depend ing  on  the female  f rom which the oocytes  
were ob ta ined .  

The  levels o f  c o m p o n e n t s  present  in cell cul ture ,  
med ia ,  such as sod ium,  b i ca rbona te ,  and  phos-  
pha t e  ions,  are  known  to great ly  af fec t  the respon-  
siveness of  cells to insulin [35,36]. Since the Mai ler  
and  K o o n t z  m e d i u m  is essent ial ly  a mod i f i ed  OR-2 
m e d i u m  that  lacks KC1 and  N a H PO 4 ,  the  inf luence 
o f  these c o m p o n e n t s  was tested.  As  evident  f rom 
tab le  1, the omiss ion  o f  po ta s s ium a p p e a r e d  to 
fac i l i ta te  insu l in- induced  oocyte  ma tu ra t ion .  
Po t a s s ium- f r ee  m e d i u m  has previous ly  been found  
to lower  the th resho ld  concen t ra t ion  for  the induc-  
t ion o f  m a t u r a t i o n  by  a number  o f  d ivalent  ca t ions  
[37]. Signif icant  induc t ion  o f  m a t u r a t i o n  by 
insul in- l ike  g rowth  fac tor  1 ( I G F - I )  also appea red  
to  requi re  the absence o f  po ta s s ium (not  shown).  
Al l  o f  the subsequent  exper iments  were p e r f o r m e d  
using the mod i f i ed  OR-2 med ium of  Mai ler  and  
K o o n t z  [23]. 

3.2. Activation of  $6 peptide kinases in maturing 
X e nopus  oocytes 

A n  $6 pep t ide  ( R R L S S L R A ) ,  used in the pre- 
sence o f  an inh ib i tor  o f  the  c A M P - d e p e n d e n t  pro-  
tein kinase,  has served as a convenient  p robe  for  
ac t iva ted  40 S r i bosoma l  $6 kinases in proges ter -  
one - t r ea t ed  Xenopus oocytes  [17] and  o ther  mode l  
systems [1,2,38], and  there fore  its p h o s p h o r y l a t i o n  
was regarded  as a p r o b a b l e  ind ica to r  o f  insulin-  
ac t iva ted  $6 kinases in the present  s tudy.  In add i -  
t ion,  it is known  that  pur i f ied  Xenopus $6 kinase II 
will p h o s p h o r y l a t e  this pep t ide  (personal  com-  
mun ic a t i on  f rom Dr  J .L .  Mai ler) ,  As  previous ly  
r epo r t ed  for  $6 kinase  act ivi ty  [10], insulin t rea t -  
men t  o f  Xenopus oocytes  caused a r ap id  3-fold 
s t imula t ion  o f  soluble  $6 pep t ide  kinase act ivi ty  
( f ig . l ) .  In  our  hands ,  this ac t iva t ion  could  be 
de tec ted  wi thout  a 6 h dialysis  step before  assay  
[10] and was also seen with 100 nM IGF-1.  The 
p h o s p h o r y l a t i n g  act iv i ty  t rans ien t ly  decl ined to 
con t ro l  levels and  underwent  an even greater  in- 
crease  (12-fold) by  the t ime o f  50°?o GVBD.  This 
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Table 1 

Effect of potassium on insulin induction of Xenopus oocyte maturation 

Defolliculation/ Addition/ °70 GVBD 070 GVBD 
recovery medium subtraction (9 h) (21 h) 

OR-2 
OR-2 
OR-2 
OR-2 
mod. 
(16)1 
mod. 
(16)1 
mod. 
(16)1 
mod. 
(16)] 

OR-2 [Mailer and Koontz 

OR-2 [Mailer and Koontz 

OR-2 [Mailer and Koontz 

OR-2 [Mailer and Koontz 

none 0 0 
-2.5 mM KCI 63 97 

- 0 . 5  mM Na2HPO4 0 0 
- both components 68 100 

none 100 100 

+ 2.5 mM KC1 35 53 

+ 0.5 mM Na2HPO4 96 100 

+ both components 11 82 

Oocytes were defolliculated and allowed to recover for approx. 2 h in the various 
media ( _+ components). Sets of 20 oocytes were then treated with 10/zM insulin and 

scored for GVBD at 9 h and 21 h as described previously [13] 

coincided with the increase in $6 kinase activity 
seen after progesterone addition [17,39] and the 
major  burst in total protein phosphorylation that 
precedes the first meiotic division in Xenopus 
oocytes [40]. Both insulin and progesterone treat- 
ments cause increases in internal pH [12,41] and 
the rates of  protein synthesis [35,42] at the time of 
the burst in protein phosphorylation and therefore 
appear to trigger a common set of  late events that 
are closely associated with GVBD and the mechan- 
ics of  cell division. The early transient stimulation 
of  $6 peptide kinase activity following insulin 
treatment did not necessarily correlate with insulin 
induction of GVBD, since this increase was 
detected when OR-2 medium was used and GVBD 
was not induced (see above). Conversely, there 
were a few cases using modified OR-2 in which 
GVBD was induced, but the early increase in $6 
peptide kinase activity was not found. The early in- 
crease in $6 peptide kinase activity, as seen with in- 
sulin, is relatively small compared to the later rise 
and is not observed when progesterone is used to 
induce maturation. Hence, it follows that this ac- 
tion of  insulin may be unrelated to the induction of 
normal maturation events and may involve a se- 
cond track of  insulin action. Interestingly, the early 
insulin-stimulated increase in $6 peptide kinase ac- 
tivity was not found to be accompanied by a 
significant increase in total protein phosphoryla- 
tion (not shown) as measured for progesterone- 
treated oocytes at the time of GVBD [40]. 

3.3. Chromatographic fractionation of insulin- 
and progresterone-activated $6 kinases 

To address whether short term insulin (20-30 
min) and long term progesterone (to -50°70 
GVBD) treatments of oocytes produced the activa- 
tion of  common or distinct $6 peptide kinases, 
soluble extracts from treated oocytes were frac- 
tionated on DEAE-Sephacel (fig.2). With extracts 
from progesterone-treated oocytes, three discer- 
nable peaks of stimulated $6 peptide kinase activity 
were consistently eluted from DEAE-Sephacel with 

100, - 140, and - 180 mM NaCI, respectively 
(fig.2A and B). The relative sizes of  the activity 
peaks varied considerably between experiments 
performed with oocytes from different females, 
although the - 1 8 0  mM NaCI peak was generally 
the major peak of  increased $6 peptide kinase ac- 
tivity. This peak was seen earlier in progesterone- 
treated oocyte extracts in which it was found to 
phosphorylate ribosomal protein $6 [17], and is 
likely to correspond to the '$6 kinase II '  identified 
in Xenopus egg cytosol [18,19]. Long term treat- 
ment of oocytes with insulin also resulted in the ac- 
tivation of the same three peaks, with the 180 mM 
peak predominating (not illustrated). With short 
term insulin treatment, a major peak of  stimulated 
activity eluted from DEAE-Sephacel at 160-170 
mM NaCI (fig.2A and C) and several minor 
stimulated peaks were observed, although not all in 
any one experiment. The minor peak detected at 
- 300 mM NaC1 might correspond to the $6 kinase 
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Fig.1. Time course of insulin stimulation of Xenopus oocyte 
RRLSSLRA phosphorylating activity. The mean 4, SD (n = 3) 
RRLSSLRA phosphorylating activity was determined with solu- 
ble extracts from control (O) and 10/~M insulin-treated (o) 

oocytes. GVBDs0 = 1 = 10.5 4- 0.5 h. 

descr ibed by S ta fanovic  et al. [10]. W h e n  the elu- 
t ion  prof i les  f rom m a n y  exper iments  were nor-  

mal ized  and averaged (fig.2B and C), it was found  
that  the m a j o r  short  t e rm insulin s t imulated kinase 
act ivi ty  peak  (160-170 m M  NaC1) was a lmost  the 

same as the m a j o r  p roges te rone-s t imula ted  kinase 

act ivi ty  (180 m M  NaC1), a l though it appeared  to 
elute slightly ahead o f  the p roges te rone-s t imula ted  

kinase activity.  

To  test fur ther  the possibil i ty that  the ma jo r  
shor t  t e rm insul in-s t imulated kinase act ivi ty  might  

be a d i f ferent  kinase than  the proges terone-  

s t imula ted  enzyme,  pooled  D E A E - S e p h a c e l  frac- 
t ions f r o m  the short  te rm insulin peak and the long 

te rm proges te rone-s t imula ted  peak were concen-  
t ra ted  by a m m o n i u m  sulfate precipi ta t ion and 
loaded  onto  a Sephacryl  S-200 gel f i l t ra t ion col- 
umn .  As shown in f ig .3A,  the two peaks coeluted 

at an app rox ima te  molecu la r  mass o f  110 kDa,  in- 
dicat ing that  they were not  grossly d i f ferent  in ap- 

paren t  size. The  peak f ract ions  f rom the Sephacryl  

S-200 gel f i l t ra t ion co lumn  were poo led  separately 
and appl ied to a hepar in -Sepharose  co lumn  (fig. 
3B). Aga in ,  the two peaks o f  s t imulated activity 

co f rac t iona ted ,  elut ing in the range o f  0 .36-0.38 M 

NaC1. 
One  addi t iona l  f r ac t iona t ion  approach  was per- 

f o r m e d  using crude extracts appl ied to two dif- 
ferent  types o f  gel f i l t ra t ion columns .  In f ig .4A,  
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Fig.2. DEAE-Sephacel chromatography of RRLSSLRA kinases 
from insulin- and progesterone-treated Xenopus oocytes. Ex- 
tracts were prepared in buffer C (30 mM #'-glycerophosphate, 10 
mM Mops, pH 7.2, 2 mM EGTA, 2 mM EDTA, 1 mM 
dithiothreitol and 0.5 mM vanadate), as described in section 2, 
from oocytes that were exposed to 10/~M insulin for 20 min (A), 
1/~g/ml progesterone for 6.5 h (o) or left untreated (©). Each 
extract (2.5 mg cytosolic protein) was loaded onto a 2.5 ml 
DEAE-Sephacel column (Sigma) equilibrated in buffer C. The 
column was washed with 5 ml of buffer C, and proteins were 
eluted with a 40 ml linear gradient of 0-450 mM NaCI in buffer 
C with a flow rate of 0.4 ml/min. The 1.0 ml column fractions 
were assayed for RRLSSLRA phosphorylating activity and con- 
ductivity. The conductivity values were converted to salt con- 
centrations with a standard curve of pure NaCI in deionized 
H20. No RRLSSLRA kinase activity was detected in the wash 
through fractions. (A) Results from a typical experiment; (B) 
GVBD extracts after progesterone treatment; (C) 20 min insulin 
treatment, 4 averaged results; 100°70 corresponded to the 
RRLSSLRA phosphorylating activity detectable in the highest 

peak fraction of a column run. 

198 



V o l u m e  241, number 1,2 FEBS LETTER S  December 1988 

12C 

10(2 

8C 

4 0  
o_ 

E 2O 

~ 7 

.12 

< 5 

-/  
~ 4 

g~ 

i 4 i ; 
12 16 0 

E l u t i o n  v o l u m e  (ml) 

" x \  
\ 

\ 
x 

\ 
N 

\ 
\ 

N 
\ 

\ 

24  2 8  32 36  

3 // 
2 

D 

o o.1 02  0.3 O.4~O~-- -O.6- -  

E l u t i o n  NaCI concent ra t ion  (1'4) 

6 . 0  

5 .5  

5 , 0  

4 ,5  

J 

4.0 

3 .5  

3,0 

Fig.3. Successive Sephacryl S-200 and heparin-Sepharose frac- 
tionation of  the short term insulin- and long term progesterone- 
stimulated RRLSSLRA kinase activity. (A) The major peak 
fractions (160-190 mM NaC1) from DEAE-Sephacel 
chromatography of 20 min insulin-treated (A) and 7 h 
progesterone-treated (e) oocyte extracts were each pooled (ap- 
prox. 8 ml total), 100 mg BSA was added, protein was 
precipitated with 60% ammonium sulfate, redissolved in buffer 
C, and applied (50 mg protein; 250/zl) to a 1 x 55 cm Sephacryl 
S-200 (Sigma) column equilibrated with buffer C plus 100 mM 
NaCI and 0.1% Brij-35. The applied sample was eluted at a flow 
rate of  0.15 ml/min into approx. 0.67 ml fractions. Elution 
positions of  the marker proteins, thyroglobulin, l'- 
immunoglobulin, ovalbumin, myoglobin and vitamin B]2 are in- 
dicated in kDa. (B) The peak fractions (4 fractions eluting be- 
tween 18.5 and 20.5 ml) of RRLSSLRA kinase activity from the 
Sephacryl S-200 column shown in panel A were diluted 6-fold in 
buffer C and applied to a 1 ml heparin-Sepharose (Sigma) col- 
umn equilibrated in buffer C. The column was washed with 5 ml 
of  buffer C and eluted with a 40 ml linear gradient of 0-1 M 
NaC1 in buffer C with a flow rate of 0.4 ml/rnin into 1.0 ml frac- 
tions. Symbols are identified as in panel A. No RRLSSLRA 

kinase activity was detected in the wash through fractions. 
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Fig.4. Gel filtration chromatography of insulin- and 
progesterone-treated oocyte extracts. (A) Cytosolic extracts (2.5 
mg protein) from oocytes that were exposed to insulin for 20 
min (A) or 12 h (GVBD extracts) (I) ,  progesterone for 7 h 
(GVBD extracts) (e)  or left untreated (O) were each applied to 
a 1 x 55 cm Sephacryl S-200 (Sigma) column equilibrated with 
buffer C plus 100 mM NaCI and 0.1°70 Brij-35, and eluted at a 
flow rate of 0.15 ml/min into - 0.67 ml fractions. (B) The above 
extracts (2,0 mg protein) were, alternatively, applied to a 
0.75 × 30 cm TSK-400 GSWP HPLC column (Bio-Rad) and 
eluted with buffer C plus 100 mM NaCI and 0.1% Brij-35 at a 
flow rate of 0.3 ml/min into 0.33 ml fractions. Marker proteins 

are identified in the legend of fig.3. 

c o n t r o l ,  s h o r t  t e r m  i n s u l i n - ,  l o n g  t e r m  i n s u l i n - ,  a n d  
l o n g  t e r m  p r o g e s t e r o n e - t r e a t e d  e x t r a c t s  w e r e  
c h r o m a t o g r a p h e d  o n  S e p h a c r y l  S - 2 0 0 .  T h e  p e a k s  
o f  s t i m u l a t e d  a c t i v i t y  al l  c o e l u t e d ,  e v e n  t h o u g h  o n  
D E A E - S e p h a c e l  s e v e r a l  i n s u l i n -  a n d  p r o g e s t e r o n e -  
s t i m u l a t e d  p e a k s  o f t e n  a p p e a r e d ,  in  f i g . 4 B ,  t h e s e  
s a m e  t y p e s  o f  e x t r a c t s  w e r e  a p p l i e d  to  a T S K - 4 0 0  
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gel filtration column, which has previously been 
found to presumably interact with an $6 kinase 
from 3T3 ceils causing it to elute at an anomalously 
low molecular size [1,2]. When applied to the col- 
umn, all the stimulated activities eluted at the same 
low molecular size ( -  12 kDa), and, thus, were not 
separated. 

These data would tend to support the notion that 
the major insulin-stimulated $6 peptide kinase and 
the major progesterone-stimulated $6 peptide 
kinase represent the same enzyme. Furthermore, 
since the major peak of progesterone-stimulated $6 
peptide kinase activity elutes from DEAE-Sephacel 
at the same salt position as $6 kinase II from 
Xenopus eggs [17-19] and also shows 40 S ribo- 
somal protein phosphorylating activity [17], the 
major $6 peptide kinase and the $6 kinase II are 
probably the same enzyme. While this work was in 
progress, Erikson et al. [39] reported that poly- 
clonal antibodies prepared against the Xenopus egg 
$6 kinase II immunoprecipitate stimulated $6 
kinase activity in extracts from short term insulin- 
treated or long term progesterone-treated Xenopus 
oocytes and serum-stimulated or Rous sarcoma 
virus-transformed chick embryo fibroblasts. This 
$6 kinase also resembles the mitogen-activated $6 
kinase from mammalian sources with respect to its 
behaviour on DEAE-Sephacel,  Sephacryl, TSK- 
400 and heparin-Sepharose columns, although the 
85 kDa mammalian enzyme may be a slightly 
smaller protein [1,2,4,5,8,21]. 

The mammalian mitogen-activated $6 kinase 
and its avian counterpart both undergo activation 
after exposure of  cultured ceils to the tumor pro- 
moter TPA [1,2,4,9]. Exposure of  Xenopus 
oocytes to 0.5/~M TPA for 15 min caused a modest 
(1.8-fold) stimulation of a cytosolic $6 peptide 
phosphorylating activity which was found to 
cofractionate with the major short term insulin- 
and long term progesterone-activated $6 kinase on 
DEAE-Sephacel,  Sephacryl S-200 and TSK-400 
(not shown). Although multiple $6 kinases may 
become activated during oocyte maturation 
([17,38] and this report), the Xenopus $6 kinase II 
appears to be regulated by two different pathways, 
one involving MPF (Maturation Promoting Fac- 
tor) appearance [17] in preparation for cell division 
(any inducing agent) and the other, a more direct 
result of  cell stimulation by certain agents (insulin, 
IGF-1, and TPA),  not involving MPF appearance. 
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