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35 SUMMARY : We have prepared the [ S]thiophosphate labelled 
inositol trisphosphate and [ P] phosphate labelled inositol tris- 
phosphate (IPS) from human erythrocytes. These compounds were used 
as substrates for the inositol trisphosphate 5-phosphomonoesterase 
assay in human erythrocyte membranes. During 60 min incubation 
with the enzyme, the 35S-labelled IP3 was not hydrolyzed, mean- 
while the 32P-labelled IP3 was broken down to 19.8 ? 2.4 %. This 
suggests that due to the presence of thiophosphate in the molecule 
the 35S-labelled IP3 cannot serve as substrate for inositol 
trisphosphate 5-phosphomonoesterase. The [35S] thiophosphorylated 
derivative thus represents a nonhydrolyzable analogue of IP3 and 
could be used in the study of its second messenger role. 
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Hormones and other extracellular signals that mobilize intra- 

cellular Ca2+ induce the diesteric cleavage of phosphoinositides. 
Recently phosphatidylinositol 4,5-blsphosphate (PIP2) has been 
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identified as a prime target for the action of 

polyphosphoinositide specific phosphodiesterase (phospholipase C) 

(1). Both reaction products, inositol 1,4,5-trisphosphate (1,4,5- 

IP3) and 1,2-diacylglycerol, have been suggested to act as second 

messengers (1). Evidence has been accumulated that 1,4,5-IP3 can 

promote the mobilization of Ca2+ from intracellular non- 

mitochondria1 stores (2). Purified 1,4,5-IP3 has been applied to 

permeabilized cells and found to produce a dose dependent release 

of Ca2+ from endoplasmic reticulum (3). When injected into intact 

cells such as Xenopus oocytes o r  Limulus photoreceptors it 

mimicked the physiological responses of these cells (4,s). The 

second messenger function of 1,4,5-IP3 is terminated by the action 

of inositol trisphosphate 5-phosphomonoesterase (6). In addition 

to the dephosphorylation pathway 1,4,5-IP3 can be converted by the 

action of the respective kinase t o  inositol 1,3,4,5-tetrakis- 

phosphate, which is dephosphorylated by a 5-phosphomonoesterase to 

1,3,4-IP3. Both these compounds may also have second messenger 

functions (7). The metabolism of phosphoinositides and of water 

soluble inositol phosphates is highly dynamic. Many of the effects 

of inositol phosphates within the cell are integrated with other 

second messenger functions making the inositol lipid-signal 

transduction a very complex process. After being released, the IP3 

is dephosphorylated at a rate which may vary with time o r  cell 

state. The levels of inositol phosphates change very quickly and 

cannot be predicted in a simple way. 

We have thus investigated the possibility of preparing a non- 

hydrolyzable analogue of IP3 as a tool for further study of its 

second messenger role. 

MATERIALS AND METHODS 

Incorporation of [ y -35S]ATP y S into polyphosphoinositides -- 

Erythrocyte membranes were prepared from washed human erythrocytes 
according to Dodge (8). Washed erythrocyte pellet was lysed in 
15vols. of ice cold 20 mM Tris, O.lmM EDTA, pH=7,5. The membranes 
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were washed fou r  t imes ,  i n  the  l a s t  wash EDTA w a s  omi t ted .  
Ery throcyte  membranes, equ iva len t  t o  10 mg of  p r o t e i n ,  were 
incubated i n  a f i n a l  volume of 2 m l  i n  a s t i r r i n g  ba th  f o r  30 min 

a t  37OC. The incubat ion  suspensions conta ined  ( i n  mM): Hepes 10 ,  

KH2P04 0 . 2 ,  K2EDTA 10, Mg2+ 0 .35 ,  and C a 2 +  as s p e c i f i e d  a t  pH=7.4 

and 50 pCi of ~ Y - ~ ~ S ] A T P ~ S  p e r  sample. The incubat ions  were s topped 
by a d d i t i o n  of 3 v o l s .  of chloroform/methanol/concentrated H C 1  

(30:60:0.5)  and the  mixing w a s  cont inued u n t i l  the  membranes were 
completely d i s so lved .  We used the  a c i d i c  e x t r a c t i o n  of phosphoi- 
n o s i t i d e s  as i n  ( 9 ) ,  fol lowed by TLC according t o  (10,111,  employ- 
ing  chloroform/methanol/acetone/acetic ac id /wa te r  (40:15:13:13:7 ,  
v /v )  as the  so lven t  system. The r a d i o a c t i v i t y  of t he  phosphol ip ids  
w a s  measured on a Beckman l i q u i d  s c i n t i l l a t i o n  counter .  

32P-label led I P 3  -- Washed human e r y t h r o c y t e s  were incubated i n  
the  presence of 32Pi i n  i s o t o n i c  Ca2+ f r e e  medium at  50 % 
haematokr i t .  A f t e r  4 hours  of  incubat ion  a t  37OC the  c e l l s  were 
washed and t h e  ghos t s  prepared according t o  Dodge (8). The ghos t s  
were incubated i n  the  presence of 3 m M  C a 2 +  a t  37' f o r  20  min t o  
a c t i v a t e  the  membrane bound polyphosphoinosi t ide phosphodiesterase 
and thus  t o  l i b e r a t e  the  water so lub le  I P 2  and IP3  ( 9 ) .  The 
membranes were sedimented a t  15 000 g and the  superna tan t  w a s  
app l i ed  t o  a Dowex-1 (X-8, formate form) column. 

35S-thiophosphate-labelled i n o s i t o l  t r i sphospha te  ( [ 35 S] IP3s) -- 

Unlabel led ghos t s  were incubated i n  the  medium conta in ing  10 mM 
Hepes, 0.2 mM KH2P04, 0 .5  mM MgC12, 0 .1  pM C a C 1 2 ,  and [ v ~ ~ S ] A T P ~ S .  
Ghosts prepared from 20 m l  of  packed e ry th rocy te s  were suspended 
i n t o  f i n a l  volume of 50 m l  wi th  0 . 5  m C i  of  [ v ~ ~ S ] A T P ~ S  (Amersham, 
U K ) .  A f t e r  45 min incubat ion  a t  3 7 O C  t he  ghos t s  were washed and 
then phosphodiesterase w a s  a c t i v a t e d  as descr ibed  above. 

The supe rna tan t s ,  der ived  from 20 m l  of e r y t h r o c y t e s ,  were 

app l i ed  on columns con ta in ing  5 m l  of Dowex-1 and t h e  chromato- 
graphy w a s  performed as descr ibed  by Berr idge ( 1 2 ) .  The 
r a d i o a c t i v e  i n o s i t o l  phosphates  were e l u t e d  s e q u e n t i a l l y  by us ing  
1) water  ( f o r  f r e e  i n o s i t o l ) ,  2 )  5mM disodium t e t r a b o r a t e / 6 0  mM 
sodium formate ( f o r  c y c l i c  i n o s i t o l  phosphate) ,  3) 0 .1  M formic 
ac id /0 .2  M ammonium formate ( f o r  i n o s i t o l  phosphate and inorganic  
phosphate) ,  4 )  0.1 M formic ac id /0 .4  M ammonium formate ( f o r  
i n o s i t o l  b i sphospha te ) ,  5 )  0.1 M formic ac id /0 .8  M ammonium 
formate ( f o r  I P 3 ) ,  6 )  0.1 M formic ac id /O. l  M ammonium formate 
( f o r  i n o s i t o l  t e t r a k i s p h o s p h a t e ) .  We have u s u a l l y  used 5 column 
volumes of s o l u t i o n  1, 10 c o l .  v o l s .  of s o l u t i o n s  2 , 3 , 4  and 6 ,  and 
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15 c o l .  v o l s  of s o l u t i o n  5 a t  t h e  ra te  of 1 c o l .  v o l . / l  hour.  
9 The s p e c i f i c  a c t i v i t y  of [35S]IP3S w a s  8 . 3  x 10 Bq/mmol of 

phosphate.  This  va lue  i s  lower than  t h e  s p e c i f i c  a c t i v i t y  of 
[ Y ~ ~ S ] A T P Y S  (22.2 TBq/mmol). From 0.5 m C i  o f  [ Y ~ ~ S ] A T P ~ S  about 2 .5  

% w a s  y ie lded  i n  t h e  f r a c t i o n  of [35S] IP3S. 
To v e r i f y  the i d e n t i t y  of i n o s i t o l  t r i sphospha te  we have used 

the  au then t i c  [ H]IP3 suppl ied  by Amersham (UK). Furthermore we 
have prepared t h e  mixture  of i n o s i t o l  phosphates  as descr ibed  by 
Meek and N i c o l e t t i  ( 1 3 ) .  B r i e f l y ,  i n o s i t o l  and 85 % phosphoric  
ac id  were hea ted  t o  1 2 O o C  f o r  2 hours  under vacuum ( d r y  i c e  t r a p  
and mechanical pump). The syrupy r e s idue  was d i l u t e d  i n  wa te r ,  
n e u t r a l i z e d  and a l i q u o t s  app l i ed  on Dowex-1 columns. The procedure 
was repea ted  twice us ing  32P - l a b e l l e d  phosphoric  a c i d  wi th  known 
s p e c i f i c  a c t i v i t y  (S.A.) and 3H - labe l led  i n o s i t o l  w i t h  known S.A. 
We have then determined t h e  inos i to l /phospha te  r a t i o  f o r  each peak 
and found i t  t o  be i n  agreement wi th  expected va lues .  

The column e l u a t e ,  con ta in ing  t h e  i n o s i t o l  t r i sphospha te  was 
f r e e d  of ammonium i o n s  by t rea tment  w i t h  Os t ion  ( s t r o n g  c a t i o n  
exchanger i n  H +  form) and w a s  f r e e z e  d r i e d .  The d r i e d  samples were 
d i s so lved  i n  b u f f e r  and s t o r e d  on dry i c e .  The conten t  of IP3  was 
determined us ing  t h e  phosphate assay  according t o  Duck-Chong ( 1 4 ) .  

Poss ib l e  nuc leo t ide  contaminat ion of t h e  IP3  conta in ing-  e l u a t e s  
w a s  e l imina ted  wi th  a c t i v a t e d  charcoa l  as descr ibed  by Meek ( 1 5 ) .  
We checked t h e  a c t i v a t e d  charcoa l  f o r  t he  a b i l i t y  t o  bind 
nuc leo t ides  wi th  known m o u n t  of  chromatographicaly pure ADP and 
ATP . 

3 

I n o s i t o l  t r i sphospha te  5-phosphomonoesterase assay -- The 

incubat ion  suspension conta ined  i n  2 m l  of f i n a l  volume 
e ry th rocy te  membranes (3.5 mg of p r o t e i n ) ,  30 mM Hepes, 2 mM Mg2+ 
and r a d i o a c t i v e  s u b s t r a t e s  a t  pH=7.0 as desc r ibed  i n  (16,171. The 

6 r ad ioac t ive  s u b s t r a t e s ,  
cpm of [35S] IP3S, bo th  conta ined  the  same f i n a l  concen t r a t ion  of 
s u b s t r a t e .  The incuba t ions  were done f o r  va r ious  t imes a t  37 C 
( 1 6 ) .  The r e a c t i o n s  were stopped by the  a d d i t i o n  of two volumes of 
chloroform/methanol/lN H C 1  mixture  (50 :50 :2 .5 ,v /v ) .  A f t e r  

c e n t r i f u g a t i o n ,  t h e  phases  were allowed t o  s e p a r a t e  i n  r e f r i -  
g e r a t o r .  The upper phases  were n e u t r a l i z e d  wi th  0 .1  N N a O H ,  d i l u t -  
ed t o  10 m l  w i t h  water and app l i ed  on 1 m l  Dowex-1 columns. 0 .5  ml 
a l i q u o t s  of f r a c t i o n s  were measured wi th  1 m l  of methanol and 5 ml 
of dioxane s c i n t i l l a n t  on Beckman LSC spec t rometer .  I n  p a r a l l e l  we 
determined t h e  r a d i o a c t i v i t y  p re sen t  as P.  and as organic  
phosphate by so lven t  p a r t i t i o n  methods as descr ibed  i n  ( 1 7 ) .  The 

u s u a l l y  500,000 cpm of [32P] I P 3  o r  2x10 

0 

1 



[ 35S] lhioinositol Triphosphate 797 

enzyme reaction was stopped by HC104 to final concentration of 1 M 
and kept on ice. After 10 min extraction and centrifugation the 
pellet was discarded, ammonium molybdate was added to 1 % and the 
sample was vigorously mixed with two volumes of isobutyl 
alcohol/toluene (1:l. v/v). After the phases were separated, their 
aliquots were measured by scintillation counting with corrections 
for quenching. 

RESULTS AND DISCUSSION 

It has been established now that proteins, thiophosphorylated 

with [Y~~S]ATP~S cannot be dephosphorylated at the normal rate (18 

- 20). This property turned out to be advantageous under 

conditions where labile intermediates are to be found. The in- 

corporation of [ y  35S]ATPyS into phospholipids has not yet been 

reported. We intended to prepare the [ S] thiophosphate-labelled 

inositol trisphosphate and examine its dephosphorylation rate in 

comparison with [ Plphosphate-labelled IP3. The IP3 5-  

phosphomonoesterase assay performed on human erythrocyte membranes 

served us as a simple tool for testing these compounds. 

35 

32 

We examined the incorporation pattern of [ y  35S]ATP y S into 

erythrocyte membrane phospholipids and found the radioactivity in 

both polyphosphoinositides (Tab. 1). Thus the [35S] thiophosphate- 

-labelled precursors for 35S -labelled IP3 do exist. Additionally 

we have observed that the rise of Ca2+ from 0.04 p M  to 1 uM (using 

Ca2+ buffered media) leads to increase of incorporation into PIP2, 

PIP, and PA to 172, 177, and 250 %. These changes resemble the 

activation of respective phospholipid-kinases as the 

phosphomonoesterase reaction should be severly impaired. It is 

interesting, that. activation of diacylglycerol-kinase in the 

presence of IP3 was also observed. In this case the presence of 

IP3 mimics the effect of increased cytosolic Ca2+ concentration. 
35 We prepared the [ S] thiophosphate-labelled IP3 and 

According to (21,22) 

the labelling of erythrocyte membranes with [32P] phosphate yields 

32P-labelled IP3 from human erythrocytes. 
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TABLE 1. INCORPORATION OF [ f -35S] ATP y S I N T O  POLYPHOSPHO- 

INOSITIDES AND PHOSPHATIDIC ACID ( P A )  OF HUMAN ERYTHROCYTE GHOSTS 

AT DIFFERENT C a 2 +  CONCENTRATIONS AND THE EFFECT OF INOSITOL TRIS- 

PHOSPHATE ( I P 3 )  

A c t i v i t y  (dpm) 

0.04 pM C a 2 +  1.00 );M C a 2 +  0.04 pM C a 2 +  
PL 

CONTROL + 10 pM I P 3  

P IP2  2040 ' 277 3527 386* 2083 ' 96 

P I P  2951 ' 156 5246 ' 178* 3516 ' 212 

(177.7 %) (119.2 % )  

(172.9 %) (102.1 %) 

PA 11116 ' 372 27829 ' 250* 24970 ' 599* 

(250.3 %) (224.6 %) 

I s o l a t e d  e ry th rocy te  membranes were incubated  f o r  45 min i n  the  

presence of [ y -  SIATPYS i n  C a 2 +  bu f fe red  media as desc r ibed  i n  
Methods. Where i n d i c a t e d  10  pl IP3 w a s  p r e s e n t .  The d a t a  r ep resen t  

means 2 S.E.M., n = 4.  The numbers i n  pa ren theses  a r e  96 of va lues  

i n  c o n t r o l  i ncuba t ion  ( i n  0.04 pM C a 2 +  medium). S i g n i f i c a n t  

d i f f e r e n c e s  ( P  < 0.01) are marked by an as te r i sk .  

35 

32 3 2  c P1PI-4-phosphate and [ P]PI-4,5-bisphosphate wi th  67 % of t h e  

r a d i o a c t i v i t y  i n  t h e  5 -pos i t i on  and t h e  remainder i n  t h e  

4-pos i t ion .  The l a b e l l i n g  of the  1-phosphate w a s  no t  de t ec t ed .  

Af t e r  t he  phosphodies te rase  ca t a lyzed  breakdown of  

[ Slthiophosphate-labelled polyphosphoinos i t ides  t h e r e  should be 

the re fo re  only two k inds  of [ S]IP3S molecules .  The f irst  

l a b e l l e d  i n  bo th  4-and 5 -pos i t i on  and the  second l a b e l l e d  only i n  

t he  5-pos i t ion  on the  i n o s i t o l  r i n g .  The measured s p e c i f i c  

a c t i v i t y  of [35S]IP3S w a s  8.3~10 Bq/mrnol of  phosphate.  This  va lue  

i s  lower than the  molar s p e c i f i c  a c t i v i t y  of t h e  r a d i o a c t i v e  

35 

35 

9 
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p r e c ~ r s o r - [ y ~ ~ S ] A T P y S ,  probably due t o  the  f a c t  t h a t  1-phosphate 

is  no t  l a b e l l e d .  A f t e r  r e c a l c u l a t i o n  of molar s p e c i f i c  a c t i v i t y  t o  

4-and 5-phosphate on ly ,  t h e i r  s p e c i f i c  a c t i v i t y  w a s  
10 1 . 2 3 ~ 1 0  Bq/mmol. 

We v e r i f i e d  t h e  i d e n t i t y  of I P 3  i n  our  ion  exchange 

chromatography system by two independent ways ( s e e  Methods).  

The  [ S]IP3S was e l u t e d  i n  t h e  same f r a c t i o n  as [32P]IP3 and 

conta ined  no n u c l e o t i d e  material as confirmed w i t h  a c t i v a t e d  

cha rcoa l  ( s e e  F ig .  1 ) .  However, the fo l lowing  peak (marked by 

35 

FIGURE 1. COMPARISON OF ELUTION PROFILES OF WATER-SOLUBLE EXTRACT 

OF HUMAN ERYTHROCYTE GHOSTS FROM DOWEX-1 COLUMNS 

35 32 Ghosts  were p r e l a b e l l e d  wi th  [ y  S]ATPyS ( A )  or prepared  from Pi 
p r e l a b e l l e d  e r y t h r o c y t e s  (B) . The i n o s i t o l  phosphates  were 
r e l eased  by a c t i v a t i n g  phosphol ipase C i n  3 mM Ca2+ medium and t h e  
water s o l u b l e  p roduc t s  were app l i ed  t o  Dowex-1 ( formate  form) 
anion-exchange columns. Stepwise e l u t i o n  w a s  done as desc r ibed  i n  
Methods. Peak marked by a s t e r i s k  c o n t a i n s  material t h a t  absorbs  on 
cha rcoa l .  Numbers 1 - 6 i n d i c a t e  e l u t i o n  s t e p s  as desc r ibed  i n  
Methods. 
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TABLE 2. INOSITOL TRISPHOSPHATE 5-PHOSPHOMONOESTERASE ASSAY 

96 of total radioactivity 
time 

(min) ion-exchange chromatography Solvent partition 

organic phosphate pi IP2 IP3 

10 A 
B 

20 A 
B 

40 A 
B 

60 A 
B 

56.5'4.2 
n.d. 

60.2'2.2 
n.d. 

59.0*5.2 
n.d. 

64.4'3.8 
n.d. 

17.4'2.8 27.4'3.3 
n.d. 100.0'3.1 

21.4'1.5 20.3'3.1 
n.d. 100.0'4.5 

18.6'2.1 22 .4'2 .8 
n.d. 100.0'5.1 

15.6%. 9 19.8.'2.4 
n.d. 100.0*4.9 

48.3*6.9 
96.9%. 9 

40.2&5.3 
99.3'6.2 

41 . Oi2 .4 
93.6%. 4 

40.9'5.9 
99.8'6.9 

The products of inositol trisphosphate hydrolysis were fractiona- 
ted on Dowex-l or subjected to solvent partition. Radioactivity 
eluted or distributed in the fractions S.E.M. (n=4) is expressed 
as % of total radioactivity in the sample. The incubations were 
done for the indicated time with A-[  P]IP3 or B-[35S]IP,S as 
substrates. 

32 

asterisk in Fig. 1) contained 70 % of charcoal-absorbable material 

and was discarded. 

The method of efficient and selective removal of interfering 

nucleotides from inositol phosphates containing extract should 

enable to study the inositol phosphates metabolism even with 

phosphate in upper phase was 99.9 %. The experimental values were 

corrected f o r  these errors. The amount of [ S]IP3S radioactivity 

in organic phosphate fraction did not differ significantly from 

35 
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controls (nonparametric Wilcoxon test). Thus the [35S]IP3S was not 

metabolized in our conditions. 

These data suggest that the thiophosphorylated derivative of 
32  [ Plphosphate as the label. 

The results of the IP3 5-phosphomonoesterase assay are out- 

lined in Table 2. While we observed the breakdown of [32P]IP3 up 

to 20 % of the original amount after 20 min of the incubation with 

the enzyme, [ S]IP3S was resistant to the action of IP3 5- 

phosphomonoesterase during the whole 60 min incubation period. For 

each incubation the control with boiled enzyme was included and no 

detectable spontaneous decomposition of IP3 was found. The 

recovery of IP3 after control incubation and chromatography was 

88 $6. P]IP3 15.6 - 

21.4 % of the original radioactivity appeared in the IP2 fraction, 

indicating that the label was distributed between the phosphates 
' 35 in the 4- and 5- positions. As [ S]IP3S was not split, neither 

the radioactivity in IP2 nor that in Pi fraction was detected. The 

residual amount of radioactivity in [ P)IP3 fraction even after 

60 min of incubation reflects the possibility that 20 % of 

[32P]IP3 is not 1,4,5-IP3 but 1,3,4-IP3 formed by phosphorylation 

of 1,4,5-IP3 to 1,3,4,5-inositol tetrakisphosphate followed by 

dephosphorylation t o  1,3,4-IP3 as reported in (7). 

The possibility that 5-phosphatase is inactivated after 10-20 

minutes incubation at pH 7 and 37OC was excluded addition 

of fresh erythrocyte membranes as the source of 5-phosphatase. We 

did not observe any hydrolysis of IP3. Both 32P- and 35S-labelled 

substrates showed 98 % purity when rechromatographed before 

incubation. 

35 

32 After the phosphornonoesterase breakdown of [ 

32 

by the 

Similar results were obtained with solvent partition method. 

The radioactivities found in organic phosphate fraction correspond 

to those in (IF2 + IP3) fractions. The recovery of pure organic 

phosphate in lower phase was 97.9 % and that for pure inorganic 
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IP3 shows behaviour similar to other thiophosphorylated macro- 

molecules, i.e. resistance to thiophosphomonoester splitting (20). 

Our results are only qualitative indication of this fact, never- 

theless, they raise the possibility that IP3S can be prepared 

rather easily and that this compound can serve as nonhydrolyzable 

analogue of IP3. 

The rapidly growing evidence indicates that inositol lipid 

signalling system is involved not only in short term responses but 

that it mediates the long term processes like growth, cell 

proliferation and differentiation. The introduction of a non- 

hydrolyzable analogue of iP3 would be extremely useful in 

experiments with permeabilized cells, oocytes, and cell free 

system. It could be used for further study of the synergism 

between diacylglycerol activated protein kinase C and IP3 evoked 

calcium mobilization. 
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