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JOURNAL OF LIQUID CHROMATOGRAPHY, 3 (5 ) ,  645-655 (1980) 

SEPARATION OF MONOSULFATED BILE ACIDS BY HIGH-PERFORMANCE 
L I Q U I D  CHROMATOGRAPHY 

Jun ich i  Goto, Hi roaki  Kato and Toshio Nambara* 
Pharmaceutical I n s t i t u t e ,  Tohoku Unive r s i ty ,  Japan 

ABSTRACT 

Separa t ion  of 3-, 7- and 12-monosulfates of c h o l a t e ,  cheno- 
deoxycholate, deoxycholate,  l i t h o c h o l a t e  and ursodeoxycholate and 
t h e i r  glyco- and tauro-conjugates by high-performance l i q u i d  
chromatography on a reversed phase column has  been c a r r i e d  o u t .  
E f f e c t s  of pH and sa l t  concent ra t ion  of a mobile phase on t h e  k' 
value  of s u l f a t e d  b i l e  a c i d s  w e r e  i n v e s t i g a t e d  wi th  t h e  pBondapak 
C I S  and ODS SC-02 columns. The 3-su l fa ted  b i l e  a c i d s  were e f f i -  
c i e n t l y  sepa ra t ed  on ODS SC-02 us ing  t h r e e  aqueous ammonium carbo- 
n a t e f a c e t o n i t r i l e  systems. The chromatographic behaviors  of 7 -  
and 12-su l fa ted  b i l e  a c i d s  are a l s o  b r i e f l y  d iscussed .  

INTRODUCTION 

Since the  f i r s t  r epor t  on the  occurrence of  s u l f a t e d  b i l e  

ac ids  i n  man (l), cons iderable  a t t e n t i o n  has been drawn t o  t he  

metabolic s i g n i f i c a n c e  of s u l f a t i o n  of b i l e  ac ids  i n  l i v e r  d i seases .  

The sepa ra t ion  of t he  3 - su l f a t e s  of major b i l e  a c i d s  by th in - l aye r  

chromatography has been attempted, bu t  t h e  s a t i s f a c t o r y  r e s u l t s  

have not  y e t  been obtained (2 ,3 ) .  Gas-liquid chromatography of t h e  

s u l f a t e s  involv ing  p r i o r  hydro lys i s  and/or  s o l v o l y s i s  followed by 

d e r i v a t i z a t i o n  of deconjugated b i l e  a c i d s  has a l s o  been c a r r i e d  o u t  

(4,s). This method, however, has  the  i n e v i t a b l e  d isadvantages ,  

such as the  l a c k  of r e l i a b i l i t y  ( 6 , 7 )  and t h e  l o s s  of in format ion  
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6 4 6  GOTO, KATO, AND NAMBARA 

about  the conjugated  form. I n  t h e  p r e v i o u s  p a p e r s  of  t h i s  series 

w e  r e p o r t e d  a method f o r  t h e  s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  unsul-  

f a t e d  b i l e  a c i d s  i n  b i l e  w i t h o u t  h y d r o l y s i s  and d e r i v a t i z a t i o n  

u s i n g  high-performance l i q u i d  chromatography (HPLC) on  a r e v e r s e d  

phase column (8.9). This paper  d e a l s  w i t h  t h e  s e p a r a t i o n  o f  t h e  

3 - w n o s u l f a t e s  of  unconjugated ,  glyco- and tauro-conjugated  b i l e  

a c i d s  by HPLC. I n  a d d i t i o n  t h e  chromatographic  b e h a v i o r s  o f  7- 

and 12-monosulfated b i l e  a c i d s  are a l s o  d e s c r i b e d .  

EXPERIMENTAL 

Materials 

The 3-, 7- and 12-monosulfates  o f  unconjugated ,  glyco-  and 

tauro-conjugated b i l e  a c i d s  were s y n t h e s i z e d  i n  t h e s e  l a b o r a t o r i e s  

by t h e  methods p r e v i o u s l y  r e p o r t e d  (10).  All of  t h e  r e a g e n t  used 

w e r e  o f  a n a l y t i c a l - r e a g e n t  g r a d e .  S o l v e n t s  were p u r i f i e d  by d i s -  

t i l l a t i o n  p r i o r  t o  u s e .  

I n s t r u m e n t s  

The a p p a r a t u s  used  f o r  t h i s  work was a JASCO Model T r i  Rotar  

high-performance l i q u i d  chromatograph (Japan  S p e c t r o s c o p i c  Co., 

Tokyo) equipped w i t h  a Model W-100 XI u l t r a v i o l e t  (W) d e t e c t o r  

moni tor ing  t h e  absorbance  a t  205 nm. The ODS SC-02 ( 2 5  cm x 4 . 6  

mm I . D . )  ( Japan  S p e c t r o s c o p i c  Co.)  and Wondapak Cls (1 f t .  x 1 / 4  

i n c h  I.D.) (Waters Assoc.. M i l f o r d ,  Mass.) columns were employed 

under ambient  c o n d i t i o n s .  

RESULTS AND DISCUSSION 

The s e p a r a t i o n  of  u n s u l f a t e d  b i l e  a c i d s  by r e v e r s e d  phase 

chromatography on t h e  o c t a d e c y l s i l y l  (ODS) bonded column h a s  been 

r e p o r t e d  by several groups ( 9 ,  11-13). Among t h e  t y p i c a l  columns 

commonly used f o r  t h e  a n a l y s i s  o f  p o l a r  compounds, paondapak C i s  

and ODS SC-02 w e r e  chosen i n  this work f o r  use i n  t h e  s e p a r a t i o n  

of s u l f a t e d  b i l e  a c i d s .  
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SEPARATION OF MONOSULFATED BILE ACIDS 647 

I n i t i a l l y ,  t h e  e f f e c t  of pH of a mobile phase on t h e  capac i ty  

r a t i o  (k') was inves t iga t ed  wi th  the  0.5% phosphate bu f fe r / ace to -  

n i t r l l e  system on the  UBondapak Cle column. The k' va lues  of 

monosulfated chenodeoxycholate, deoxycholate and c h o l a t e  r e l a t i v e  

t o  taurodeoxycholate were p l o t t e d  aga ins t  t h e  pH va lue  (Fig. 1). 

The c l o s e  s i m i l a r i t y  i n  the  chromatographic behavior  was 

observed among the  th ree  3-su l fa ted  b i l e  a c i d s .  I n  t h e  pH range 

of 7.0 t o  7.5 t h e  unconjugated, glyco- and tauro-conjugated sul- 
f a t e s  exhib i ted  t h e  s i m i l a r  k' values  one another  and the  d e f i n i t e  

e l u t i o n  o rde r  w i th in  each of t h e  t h r e e  b i l e  ac ids .  In c o n t r a s t ,  

t he  e l u t i o n  o rde r  of t hese  t h r e e  was reversed  i n  t h e  lower pH 

region. 

f a t e s  r a i s e d  wi th  decreas ing  pH t o  4.5 and a r r i v e d  a t  t h e  p l a t eau .  

As f o r  the  s u l f a t e d  glyco-conjugates t h e  i n f l e c t i o n  of t h e  r e l a t i v e  

lc' value  w a s  observed a t  pH 5.0, e x h i b i t i n g  a marked i n c r e a s e  of 

t h i s  va lue  toward the  lower pH region. 

The r e l a t i v e  k' value  of t he  unconjugated b i l e  a c i d  su l -  

It is ev iden t  from t h e  d a t a  t h a t  t he  k' value  of s u l f a t e d  b i l e  

a c i d s  is  dependent upon the  s t r u c t u r e  of t he  s i d e  cha in  a t  C-17. 
Difference i n  t h e  chromatographic behavior between unconjugated and 

glyco-conjugated b i l e  a c i d s  may be  expla ined  i n  terms of the  pK 

value,  i. e. 6.4 f o r  the  former and 4.4 for  the  l a t te r .  These 

r e s u l t s  are s u b s t a n t i a l l y  compatible wi th  the  previous r e p o r t  by 

Horveth e t  a l .  ( 1 4 ) .  I t  was demonstrated t h a t  the  k '  va lue  of 

o rgan ic  a c i d s  obta ined  with t h e  ODS column I s  dependent upon the  

a c i d i t y  of an e l u e n t  and hence can be ca l cu la t ed  from the  pK va lues  

of both organic  a c i d  and e l u e n t .  I r r e s p e c t i v e  of t he  s t r u c t u r e  of 

t he  s i d e  chain s u l f a t e d  b i l e  a c i d s  were e l u t e d  i n  the  o r d e r  with 

decreas ing  number of the  hydroxyl group on the  s t e r o i d  nucleus.  

Su l f a t ed  ursodeoxycholate having an e q u a t o r i a l  hydroxyl group a t  

C-7 showed a somewhat smaller k' value  than i t s  C-7 epimer, t h a t  

is s u l f a t e d  chenodeoxycholate. It is of p a r t i c u l a r  i n t e r e s t  t h a t  

the  e l u t i o n  o rde r  of 3-su l fa ted  b i l e  a c i d s  i s  i d e n t i c a l  with t h a t  

of unsul fa ted  b i l e  a c i d s  (8) .  On the  b a s i s  of t h e s e  r e s u l t s  t he  

mobile phase i n  the  pH range of 6.5 t o  8.0 w a s  chosen f o r  use i n  
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FIGURE 1. 
(a) Sulfated chemodeoxycholates: 1=3-sulfate, 2=7-sulfate, 3=glyco-3-sulfate, 4=glyco-7-sulfate, 5=tauro- 
3-sulfate, 6=tauro-7-sulfate. (b) Sulfated deoxycholates: 1=3-sulfate, 2=12-sulfate, 3=glyco-3-sulfate, 
4=glyco-12-sulfate, 5=tauro-12-sul€ate. (c) Sulfated cholates: 1=3-sulfate, 2=7-sulfate, 3=12-sulfate, 
4=glyco-3-sulfate, 5=glyco-7-sul€ate, 6=glyco-12-sulfate, 7=tauro-3-sulfate, 8=tauro-7-sulfateY 9=tauro- 
12-sulfate. ST(standard)=taurodeoxyclrolate 3-sulfate. Conditions: column, pBondapak C18 (1 ft. x ii in. 
I.D.); moblle phase, 0.5% phosphate huffer/acetonitrile, 2.0 ml/min; detection, 205 nm. 

Effect of pH on Relative k' Value of Monosulfated Bile Acids to Taurodeoxycholate 3-Sulfate. 
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SEPARATION OF MONOSULFATED BILE ACIDS 649 

the  simultaneous a n a l y s i s  of 3-su l fa ted  b i l e  ac ids .  

Various combinations of b u f f e r  s o l u t i o n  (pH 7.0-7.8) and 

organic  so lven t  were examined t o  choose t h e  s u i t a b l e  mobile phase 

on t h e  pBondapak C l e  column. The use of t he  0.52 ammonium carbo- 

n a t e / a c e t o n i t r i l e  system appeared t o  be promising without any 

s i g n i f i c a n t  l ead ing  and t a i l i n g .  The r e s o l u t i o n  of 3-su l fa ted  

chenodeoxycholate and deoxycholate, however, w a s  n o t  s a t i s f a c -  

t o r i l y  a t t a i n e d  on t h i s  column. 

r a t h e r  than UBondapak C l e  provided more e f f i c i e n t  s e p a r a t i o n  of 

unsul fa ted  chenodeoxycholate and deoxycholate.* 

phic  behavior of t h e  3-su l fa tes  w a s  t h e r e f o r e  i n v e s t i g a t e d  on 

t h i s  column us ing  0.5% phosphate b u f f e r l a c e t o n i t r i l e  as a mobile 

phase. As can be seen i n  Fig. 2 ,  t he  k '  va lues  of 3-su l fa ted  

glycochenodeoxycholate and taurochenodeoxycholate r e l a t i v e  t o  

chenodeoxycholate 3-su l fa te  r a i s e d  wi th  inc reas ing  pH whereas 

t h a t  of deoxycholate 3 - su l f a t e  w a s  almost cons tan t  i n  the  whole 

pH range of 7.0 t o  8.0. 

The use  of t he  ODS SC-02 column 

The chromatogra- 

The e f f e c t  of salt  concen t r a t ion  on t h e  r e t e n t i o n  va lue  and 

r e s o l t u i o n  of 3-su l fa ted  chenodeoxycholate and deoxycholate w a s  

then examined us ing  aqueous ammonium carbonate s o l u t i o n  (pH 7 . 8 ) /  

a c e t o n i t r i l e  as a mobile phase. The k' va lues  of 3-su l fa ted  

cho la t e ,  chenodeoxycholate and deoxycholate r e l a t i v e  t o  t h e  cor- 

responding va lue  obta ined  wi th  0.05% ammonium carbonate  were 

determined (Fig.  3 ) .  The r e l a t i v e  r e t e n t i o n  value r a i s e d  wi th  the  

inc reas ing  s a l t  concent ra t ion  of t he  e l u e n t  remarkably up t o  0.39. 

and then gent ly .  Re la t ive ly  d i s t i n c t  d i f f e r e n c e  i n  t h e  r e l a t i v e  

k '  va lue  between 3-sulfated chenodeoxycholate and deoxycholate was 

observed a t  t h e  h igher  sa l t  concent ra t ion .  

The r e s o l u t i o n  of two peaks is dependent upon n o t  on ly  k '  

va lue  bu t  also peak shape. 

( t  -t ) w a s  taken as a parameter t o  r ep resen t  t h e  n a t u r e  of a peak. 

* Difference  in t h e  r e s o l u t i o n  between these  two columns may be 
a s c r i b a b l e  t o  adso rp t ion  on the  uncoated s i l a n o l  group of t h e  
suppor ts .  

In t h i s  s tudy  the va lue  of peak width/ 
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650 GOTO, KATO. AND NAMBm 

ST 

'7.0 72 71. f6  7.8 8.0 
PH 

FIGURE 2 Effect of pH on Relative k' Value of 3-Sulfated Bile 
Acids to Chenodexoycholate 3-Sulfate 
I-Deoxycholate, 2-glycochenodeoxycholate, 3-taurocheno- 
deoxycholate. ST(standard)-chenodeoxycholate 3-sulfate. 
Conditions: column, ODS SC-02 (25  cm x 4 . 6  mm I.D.). 
Other conditions as in Fig.  1. 

1 I 
01 0.3 0.5 0.7 0.9 

Concentration of salt (%) 

F I G U R E  3 Effect of Salt Concentration on Relative k' Value of 3- 
Sulfated Bile Acids 
1-Deoxycholate, 2-chenodeoxycholate, 3mcholate. The k' 
value obtained with 0.05% ammonium carbonate was taken 
as a standard. Conditions: mobile phase, ammonium car- 
bonatefacetonitrile (26:8), 2.1 mllmin. Other conditions 
as in F i g .  2. 
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I n  o r d e r  t o  e s t a b l i s h  the  s u i t a b l e  cond i t ion  f o r  t h e  r e s o l u t i o n ,  

t h e  in f luence  of t h e  concent ra t ion  of ammonium carbonate  on the  

peak shape w a s  i nves t iga t ed  wi th  c l o s e l y  r e l a t e d  3-su l fa ted  cheno- 

deoxycholate and deoxycholate. As shown i n  Fig. 4 ,  chenodeoxy- 

cholace 3-su l fa te  exh ib i t ed  almost t he  cons t an t  va lue  i n  the  salt  

concent ra t ion  range of 0 . 1  t o  0.7% whereas deoxycholate 3-su l fa te  

showed a minimum value  a t  0 . 5 % .  The maximum r e s o l t u i o n  f a c t o r  (R) 

f o r  t h e  two b i l e  a c i d  3-su l fa tes  was found t o  be ca. 1.4 a t  0.52 

sal t  concent ra t ion  where the  two peaks should be  completely re- 

solved. The content  of water i n  t h e  mobile phase exe r t ed  an  in- 

f luence  on the  capac i ty  r a t i o  t o  a c e r t a i n  ex ten t  bu t  n o t  on the  

r e so lu t ion .  
Based upon these  d a t a  0.5% ammonium carbonate  (pH 7.5-?.a)/ 

a c e t o n i t r i l e  (26:8 o r  20:8, v/v) w a s  chosen a s  a s u i t a b l e  mobile 

phase. A s y n t h e t i c  mixture of 3-su l fa tes  of unconjugated, glyco- 

and tauro-conjugated cho la t e ,  chenodeoxycholate, deoxycholate and 

l i t h o c h o l a t e  were thus completely sepa ra t ed  as i l l u s t r a t e d  i n  Fig. 

5. The s u l f a t e d  ursodeoxycholate and cho la t e  groups exh ib i t ed  

nea r ly  i d e n t i c a l  k' value  with the  above mobile phases. These 

I I-0.25 
1.54 \ 

I 

0.7 

-0 
9 

023 
s 
5 0.21 - ? 
n- 

0.19 =!- 
Y 

0.17 

0.1 0.3 0.5 0.7 0.9 
Concentration of salt (%) 

FIGURE 4 E f f e c t  of Sa l t  Concentration on Resolution of 3-Sulfated 
Chenodeoxycholate and Deoxycholate 
l=Chenodeoxycholate, 2-deoxycholate. The peak width1 
( t  - to )  va lue  was taken as a parameter t o  r ep resen t  t he  
p e k  shape. Conditions as i n  Fig. 3. 
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652 GOTO, KATO, AND NAMBARA 

FIGURE 5 S e p a r a t i o n  of  a Mixture  of  3-Sul fa ted  Bile Acids  
l = C h o l a t e ,  2 = g l y c o c h o l a t e ,  3 - t a u r o c h o l a t e .  4-chenodeoxy- 
c h o l a t e ,  5-deoxycholate ,  6-glycochenodeoxycholate. 7 =  
glycodeoxychola te ,  8-taurochenodeoxycholate, 9=tauro-  
deoxychola te ,  1 0 - l i t h o c h o l a t e ,  l l = g l y c o l i t h o c h o l a t e ,  12-  
t a u r o l i t h o c h o l a t e ,  13=ursodeoxychola te ,  14-glycourso-  
deoxychola te ,  15=tauroursodeoxycholate. C o n d i t i o n s :  
mobile  phase ( a )  0.5% ammonium c a r b o n a t e l a c e t o n i t r i l e  
( 2 6 : 8 ) ,  2 . 1  mllmin; (b) 0.5% ammonium c a r b o n a t e / a c e t o -  
n i t r i l e  (20 :8) ,  2.0 mllmin; (c )  0 .04% ammonium c a r b o n a t e  
l a c e t o n i t r i l e  (36 :8) ,  1 .6  mllmin. Other  c o n d i t i o n s  as 
i n  F ig .  2 .  

two, however, were e f f i c i e n t l y  s e p a r a t e d  when 0.04% ammonium carbo- 

nate (pH 7 . 8 ) l a c e t o n i t r i l e  (36:8,  v/v) was employed. The c a p a c i t y  

r a t i o s  o f  3 - s u l f a t e d  b i l e  a c i d s  observed  under  t h e  t h r e e  c o n d i t i o n s  

are l i s t e d  i n  Table  1. The d e t e c t i o n  l i m i t s  of  3 - s u l f a t e d  glyco- 

and tauro-conjugates  determined by t h e  UV moni tor ing  were 50 and 

100 ng,  r e s p e c t i v e l y ,  w h i l e  t h a t  of  unconjugated  b i l e  a c i d s  w a s  

500 ng. 

E f f e c t  of  pH on t h e  k' v a l u e  o f  7- and 1 2 - s u l f a t e s  r e l a t i v e  

t o  taurodeoxychola te  3 y s u l f a t e  w a s  s i m i l a r l y  i n v e s t i g a t e d  on t h e  

pBondapak C I S  column u s i n g  0.5% phosphate  b u f f e r / a c e t o n i t r i l e  as a 

mobile  phase.  I t  is e v i d e n t  from t h e  d a t a  i n  F ig .  1 t h a t  t h e  c h r e  

matographic  b e h a v i o r s  of  t h e  7 -  and 1 2 - s u l f a t e s  were q u i t e  similar 
t o  t h a t  of t h e  3 - s u l f a t e  w i t h  a n  o n l y  e x c e p t i o n  of  deoxychola te  

1 2 - s u l f a t e .  The 1 2 - s u l f a t e s  o f  glyco- and t a u r o d e o x y c h o l a t e s  ex- 

h i b i t e d  t h e  l a r g e r  r e l a t i v e  k' v a l u e  than  t h e  c o r r e s p o n d i n g  3- 

s u l f a t e s  i n  t h e  whole pH range .  As f o r  unconjugated deoxychola te  
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TABLE 1 

Capacity Rat ios  of  3-Sulfated Bile Acids 

Compound Capacity r a t i o  (k') 
A B C 

3-Sulfate 
Cholate 
Glycocholate 
Tauro c h o l a t e  
Chenodeoxycholate 
Glycochenodeoxycholate 
Taurochenodeoxycholate 
Deoxychola t e  
Glycodeoxycholate 
Taurodeoxycholate 
Ursodeoxycholate 
Glycoursodeoxychola t e  
Tauroursodeoxycholate 
L i thocho la t e  
Glyco l i thocho la t e  
Tauro l i t hocho la t e  

2 . 4  
3.5 
4.7 
6 . 6  

10.1 
14.4 

7.6 
13.3 
17.0 
1.8 
2.4 
3.4 

4 .O 
6.3  
8 . 4  

2 . 5  
2.9 

2.7 
3.6 
5 . 2  

3.8 
4 .8  
6 . 5  

Conditions : column, ODS SC-02 (25  c m  x 4 . 6  mm I .D . ) ;  mobile 
phase, (A) 0.5% ammonium c a r b o n a t e / a c e t o n i t r i l e  ( 2 6 : 8 ) .  2 . 1  
ml/min, (B) 0 -04%. ammonium c a r b o n a t e / a c e t o n i t r i l e  ( 3 6 :  8 ) ,  
1 . 6  mlfmin, (C) 0.5% ammonium c a r b o n a t e / a c e t o n i t r i l e  ( 2 0 : 8 ) ,  
2.0 ml/mln; d e t e c t i o n ,  205 nm. to: (A)O.g,(B)l . l ,(C)0.9 min. 

t he  e l u t i o n  o rde r  o f  t h e  1 2 -  and 3 - su l f a t e s  was reversed  a t  pH 6 . 5 .  

In spec t ion  of  Dreiding model provides  a p l a u s i b l e  exp lana t ion  f o r  

t h i s  phenomenon i n  such a way t h a t  t h e  s u l f a t e  group a t  C-12 is  

s t e r i c a l l y  c l o s e  t o  the  ca rboxy l l c  ac id  o r  s u l f o n i c  a c i d  r e s idue  

of t h e  s i d e  chain and t h e  s t e r i c  i n t e r a c t i o n  between t h e s e  two 

groups maybe r e f l e c t e d  t o  t h e  unusual chromatographic behavior .  

The most s u i t a b l e  sepa ra t ion  of 7- and 12-su l fa ted  b i l e  a c i d s  was 

a t t a i n e d  on t h e  ODS SC-02 column us ing  0.5% ammonium ca rbona te l  

a c e t o n i t r i l e  ( 2 6 : 8 ,  v/v) a s  a mobile phase.  The capac i ty  r a t i o s  

observed under t h e  cond i t ion  are l i s t e d  i n  Table 2 .  

I t  should be emphasized t h a t  t he  novel method which is capable  
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TABLE 2 

Capacity Ra t ios  of 7- and 12-Monosulfated Bile Acids 

Compound Capacity r a t io  (k') 

7-Sulfate 
Cholate 
Glycocholate 
Taurocholate 
Chenodeoxycholate 
Glycochenodeoxycholate 
Taurochenodeoxycholate 
Ursodeoxycholate 
Glpcoursodeoxycholate 
Tauroursodeoxycholate 

2.4 
3.3 
4.3 
7.9 

1 1 . 7  
15.9 
4.0 
5.3 
7.4 

12-Sulfate 
Cholate 2.5 
Glycocholate 3.7 
Taurocholate 4.7 
Deoxycholate 10.6 
Glycodeoxycholate 16.3 
Taurodeoxycholate 21.8 

Conditions : mobile phase, 0.5% ammonium carbonate l  
a c e t o n i t r i l e  (26:8),  2.1 ml/min. Other cond i t ions  
a s  i n  Table 1. to : 0.9 min. 

of determining t h e  s u l f a t e s  of unconjugated and conjugated b i l e  

ac ids  without p r i o r  deconjugation may provide  more precise know- 

ledge of the  metabolic p r o f i l e  of b i l e  a c i d s .  Appl ica t ion  of 

t h e  p re sen t  method t o  c l i n i c a l  specimens of t h e  p a t i e n t s  with 

hepa tob i l i a ry  d i s e a s e s  w i l l  be a f e r t i l e  fFe ld  t o  be i n v e s t i -  

gated.  

This work w a s  supported i n  p a r t  by a Grant-in-Aid f o r  

S c i e n t i f i c  Research from t h e  Min i s t ry  of Education, Science and 

Cul ture ,  Japan, which is g r a t e f u l l y  acknowledged. 
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