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HPLC ANALYSIS OF THE ISOMERIC THIOETHER 
METABOLITES OF STYRENE OXIDE 

0. Hernandez, B. Yagen, R.H. Cox, J . R .  Bend and J . D .  McKinney 
Nat iona l  I n s t i t u t e  of Environmental Heal th  Sc iences  

P.O. Box 12233 
Research Tr iangle  Park,  North C a r o l i n a  277d9 

ABSTRACT 

An e f f i c i e n t  s e p a r a t i o n  of t h e  i somer ic  t h i o e t h e r  m e t a b o l i t e s  
of s t y r e n e  oxide  w a s  achieved under  reversed-phase c o n d i t i o n s .  
The column w a s  e l u t e d  i s o c r a t i c a l l y  w i t h  15% methanol i n  b u f f e r e d  
s o l u t i o n s  of phosphoric  acid-tris-hydroxymethylaminomethane. The 
t h i o e t h e r  conjugates  were s e p a r a t e d  by class, and t h e  o r d e r  of  
e l u t i o n  was c y s t e i n e ,  c y s t e i n y l g l y c i n e ,  g l u t a t h i o n e ,  and N- 
a c e t y l c y s t e i n e .  The e f f e c t  of pH and b u f f e r  s a l t  c o n c e n t r a t i o n  
on t h e  HPLC s e p a r a t i o n  was examined. Optimal c o n d i t i o n s  f o r  a 
s e p a r a t i o n  were e i t h e r  found a t  low pH (pH 3 o r  4 )  o r  n e u t r a l  pH, 
both  a t  a h igh  b u f f e r  salt  c o n c e n t r a t i o n  (75mM). The p o s i t i o n a l  
isomers  and s te reo isomers  compris ing each amino a c i d  conju  a te  
sample were s e p a r a t e d  i n t o  two peaks.  The v a r i a t i o n s  i n  k and a 
observed w i t h  changes i n  pH were i n t e r p r e t e d  as r e f l e c t i n g  t h e  
degree of i n t e r a c t i o n  of t h e  i o n i z a b l e  groups i n  t h e  amino a c i d  
r e s i d u e  and t h e  hydrophobic p o r t i o n  of t h e  molecule. T h i s  i n t e r -  
a c t i o n  w a s  found t o  be s t r o n g l y  inf luenced  by t h e  re la t ive s t e r e o -  
chemistry of t h e  b e n z y l i c  carbon c e n t e r ,  t h u s  a l lowing  the separa-  
t i o n  of  d i a s t e r e o i s o m e r i c  t h i o e t h e r s .  

P 

INTRODUCTION 

The r e a c t i o n  of  g l u t a t h i o n e  (GSH) wi th  e l e c t r o p h i l i c  chemicals  

c o n s t i t u t e s  a n  important  p a r t  of t h e  d e t o x i c a t i o n  mechanisms 

a v a i l a b l e  t o  many s p e c i e s .  Depending upon t h e  r e a c t i v i t y  of t h e  

e l e c t r o p h i l e  involved ,  t h e  conjugat ion  r e a c t i o n  w i t h  GSH may 
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346 HERNANDEZ ET AL. 

occur w i t h  o r  without  enzyme c a t a l y s i s  (1) .  The c a t a l y t i c  f u n c t i o n  

i s  performed by a group of enzymes known c o l l e c t i v e l y  as t h e  GSH 

t r a n s f e r a s e s  ( 2 ) .  

The measurement o f  t h e  enzymatic a c t i v i t y  of t h e  GSH t r a n s -  

f e r a s e s  i s  an important  parameter as it  c o n s t i t u t e s  an  express ion  

of t h e  metabol ic  p o t e n t i a l  of a g iven  b i o l o g i c a l  system. This  

i n t e r e s t  i n  t h e  GSH t r a n s f e r a s e s  i s  r e f l e c t e d  i n  the  several 

procedures which have been developed i n  order  t o  monitor t h e  

a c t i v i t i e s  of  t h e s e  enzymes toward d i f f e r e n t  e l e c t r o p h i l e s .  

These a s s a y  procedures are based on s p e c t r a l  d i f f e r e n c e s  between 

r e a c t a n t s  and products  ( 3 ) ,  o r  i n  t h e  use  of r a d i o l a b e l l e d  sub- 

s t r a t e s ,  e i t h e r  t h i o l  ( 4 )  o r  e l e c t r o p h i l e  ( 5 ) .  The l a t t e r  

procedure r e q u i r e s  s e p a r a t i o n  of excess l a b e l l e d  s u b s t r a t e  from 

t h e  incubat ion  mixture  by a s o l v e n t  p a r t i t i o n  o r  by chromatographic 

procedures such as paper and th in- layer  chromatography ( t l c ) .  

One of t h e  most widely used r a d i o a c t i v e  a s s a y s  u t i l i z e s  s t y r e n e  

oxide as the  s u b s t r a t e  ( 5 , 6 ) .  T o t a l  l e v e l s  of enzyme a c t i v i t y  

are determined by e x t r a c t i n g  excess  oxide  from t h e  i n c u b a t i o n  

medium, and t h e  assumption i s  made t h a t  a l l  remaining r a d i o a c t i v i t y  

i n  t h e  aqueous l a y e r  r e p r e s e n t s  GSH conjugates .  

over t h e  e x t r a c t i o n  procedure i s  t h e  use  of s i l i c a  g e l  t l c  (7) 

which al lows d i s t i n c t i o n  among t h e  major m e t a b o l i t e s  r e s u l t i n g  

from t h e  i n  v ivo  t ransformat ion  o f  t h e  GSH conjugates ,  namely t h e  

c y s t e i n y l g l y c i n e  (CysGly), c y s t e i n e  (Cys) and N-acetylcysteine 

(mercapturic a c i d ,  MA) t h i o e t h e r s  (Scheme 1, and Figure 1 ) .  This  

assay is s a t i s f a c t o r y  f o r  most cases ,  a major drawback be ing  t h a t  

i t  i s  o p e r a t i o n a l l y  lengthy .  

An improvement 
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The use of high-performance l i q u i d  chromatography (HPLC) f o r  

t h e  a n a l y s i s  of mixtures  of GSH conjugates  h a s  been r e p o r t e d  

r e c e n t l y .  

s e p a r a t i o n  mechanisms are based on i o n i c  suppress ion ,  u s i n g  

a c e t i c  a c i d  as modi f ie r  (8),  o r  on an ion-pa i r  mechanism wi th  

alkylammonium o r  su lphonate  counter  i o n s  ( 9 ) .  The HPLC a n a l y s i s  

of t h e  conjugates  der ived  from an  epoxide s u b s t r a t e  has  n o t  been 

previous ly  descr ibed  i n  d e t a i l .  Our i n t e r e s t  i n  t h e  chemical and 

b i o l o g i c a l  a s p e c t s  of epoxide metabolism by t h e  GSH t r a n s f e r a s e  

system prompted u s  t o  explore  t h e  s e p a r a t i o n  of t h e  d i f f e r e n t  

t h i o e t h e r  m e t a b o l i t e s  der ived from t h e  enzymatic conjugat ion  of 

s t y r e n e  oxide  with GSH i n  d e t a i l .  

The system u t i l i z e s  a reversed-phase column and t h e  
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348 HERNANDEZ ET AL. 

S R  OH 

0 
I I  

R = -CH2CHC-GIy  
I 

NHGl u 

G S - l a ,  b GS-2a.b  

0 
I I  

R z -  CH2CHC -G ly  CysGly -1a.b 
I 

R = -CH2CHC02H 
I 
NHCCH3 

I I  
0 

Cys-1a.b 

M A - l a ,  b 

OH 
I 

CysGly -2a .  b 

C y s - 2 a . b  

M A - 2 a  b 

OH 
I 

P h C HC H20H PhC HC02H 

4 3 - - 

FIGURE 1. Thioether metabolites derived from styrene oxide. 
Benzylic thioether (A) and benzylic alcohol (2) isomers; 5 and 
denote diastereomeric forms. Also included are styrene glycol 
(3) and mandelic acid (4). 

Our preliminary findings indicated immediate advantages of 

the HPLC system over the tlc procedure, namely the shorter time 

required for analysis and the higher resolution achieved under 

the reversed-phase conditions utilized (10). The superior 

resolution achieved by HPLC allowed the separation and identifi- 
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METABOLITES OF STYRENE OXIDE 349 

c a t i o n  of p o s i t i o n a l  isomers r e s u l t i n g  from t h e  epoxide r i n g  

opening r e a c t i o n  (Fig.  1, 1. and &) as w e l l  as  t h e  presence  of 

d ias te reo isomers  f o r  each p o s i t i o n a l  isomer (Fig.  1, and c). 
The i n i t i a l  set of c o n d i t i o n s  developed has  been a p p l i e d  t o  t h e  

a n a l y s i s  of i n  v i t r o  and i n  v ivo  samples of s t y r e n e  o x i d e s u l f u r  

conjugates  ( 1 0 , l l ) .  I n  t h e  p r e s e n t  s tudy  we explore  t h e  e f f e c t  

of pH and i o n i c  s t r e n g t h  on t h e  HPLC s e p a r a t i o n  of t h e  d i f f e r e n t  

t h i o e t h e r  m e t a b o l i t e s  of s t y r e n e  oxide.  

MATERIALS AND METHODS 

The t h i o e t h e r  compounds were a v a i l a b l e  from previous  s t u d i e s .  

The s te reochemica l  ass ignments ,  chemical s y n t h e s i s  and s t r u c t u r a l  

p r o p e r t i e s  are  t h e  s u b j e c t  of o t h e r  p u b l i c a t i o n s  (10,12) .  The 

peaks l i s t e d  i n  Table 1 were i n d i v i d u a l l y  c o l l e c t e d  and charac- 

t e r i z e d  by 1 3 C  NMR (10). 

from t h e  doubl ing of s i g n a l s  on t h e  1 3 C  NMR s p e c t r a  and f u r t h e r  

v e r i f i e d  by r e a c t i o n  of o p t i c a l l y  pure s t y r e n e  oxide  wi th  GSH. 

The n o t a t i o n  used i n  Figure 1 i m p l i e s  t h e  e x i s t e n c e  of two d i a s t e r e o  

isomers f o r  each p o s i t i o n a l  isomer present  ( i . e .  1 and L ) .  
a t tempts  are made i n  t h i s  t e x t  t o  c o r r e l a t e  d i a s t e r e o i s o m e r s  t o  

t h e  corresponding o p t i c a l  forms of s t y r e n e  oxide.  

The presence  of d ias te reomers  w a s  implied 

No 

The equipment used c o n s i s t e d  of Waters Assoc ia tes  M6000A 

pumps, model 440 UV absorbance d e t e c t o r ,  model U6K i n j e c t o r  and a 

model 660 s o l v e n t  programmer. The columns used were u-Bondapak 

C 

Bondapak C18. 

(prepared from 85% H3P04, E. 5 m l  per  l i t e r )  n e u t r a l i z e d  t o  t h e  

(0.39 x 30 cm) equipped wi th  a pre-column packed w i t h  C o r a s i l  18 
The s o l v e n t  mixtures  c o n s i s t e d  of 75 mM H PO 3 4  
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350 HERNANDEZ ET AL. 

indicated pH with tris-(hydroxymethy1)aminomethane (Tris-base). 

The pH values were measured with a Corning 125 pH meter equipped 

with a Markson combination glass electrode, before addition of 

organic solvent. 

RESULTS 

The use of trialkylammonium-based buffer systems in HPLC was 

originally introduced by Rivier (13). This buffering reagent has 

proven a most useful tool €or the analysis of amino acids and 

polypeptides. Our initial work utilizing Rivier's procedure, 

which calls for triethylamine as the basic component in the 

buffer eluent, produced good results. A recurring problem 

however, was the instability of this organic base in air and 

light. 

which must be removed by distillation, preferably immediately 

before use. In searching for another, more stable organic base 

than triethylamine, we discovered that tris-(hydroxymethy1)- 

aminomethane (Tris-base) produced results very comparable to 

those obtained with triethylammonium phosphate. The Tris-phosphate 

solutions are sufficiently transparent to allow detection at 254  

nm, and the chemical stability of Tris-base makes it a desirable 

choice for routine analysis. 

was conducted with Tris-phosphate buffers although as indicated 

above, similar results may be obtained with the triethylamine- 

phosphoric acid system. 

This decomposition process produces UV absorbing impurities 

The work described in this study 

The separation o f  the thioether derivatives of styrene oxide 

(Fig. 1) was originally accomplished (10) by using a reversed- 
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METABOLITES OF STYRENE OXIDE 351 

phase (p-Boadapak C18) column and a 75 mM s o l u t i o n  of phosphoric  

a c i d  a d j u s t e d  t o  pH 3.1-3.5 w i t h  organic  base.  

g r a d i e n t  provided a c l e a n  s e p a r a t i o n  of t h e  d e s i r e d  compounds. 

A methanol 

It  was c l e a r l y  e s t a b l i s h e d  t h a t  s e p a r a t i o n  of d i a s t e r e o -  

i somer ic  forms was p o s s i b l e  and t h a t  t h e  o r d e r  of e l u t i o n  of t h e  

d i f f e r e n t  t h i o e t h e r  d e r i v a t i v e s  was, a t  pH 3 . 5 ,  d i r e c t l y  propor- 

t i o n a l  t o  t h e  number of amino a c i d  r e s i d u e s  i n  t h e  molecule ,  i . e .  

t h e  o r d e r  of  e l u t i o n  under t h o s e  c o n d i t i o n s  was Cys, CysGly and 

GS. This l a t t e r  f i n d i n g  suggested t h a t  t h e  s e p a r a t i o n  mechanism 

w a s  s t r o n g l y  inf luenced  by t h e  amino a c i d  r e s i d u e .  Consequently, 

f a c t o r s  a f f e c t i n g  t h e  i o n i z a b l e  p o r t i o n  of t h e  molecule should be  

r e f l e c t e d  i n  t h e  s e p a r a t i o n  of a given mixture  of t h i o e t h e r  

conjugates .  Hence, t h e  most obvious v a r i a b l e s  t o  e x p l o r e  were 

t h e  e f f e c t  of pH and i o n i c  s t r e n g t h  on t h e  HPLC p r o f i l e .  The 

s e p a r a t i o n  c o n d i t i o n s  were determined by i n i t i a l l y  s e l e c t i n g  a n  

i s o c r a t i c  s o l v e n t  combination which provided b a s e l i n e  s e p a r a t i o n  

of GSH conjugates  1 and 2 (Fig.  1, GS-1 and G S - 2 ) ,  and then  

hold ing  t h e  amount of organic  s o l v e n t  c o n s t a n t ,  bu t  vary ing  t h e  

pH from 3 t o  7 i n  one pH u n i t  increments .  The lower l i m i t  used 

(pH 3)  was based on t h e  o b s e r v a t i o n  t h a t  a t  lower pH, decompo- 

s i t i o n  of t h e  b e n z y l i c  a l c o h o l s  2 t akes  p l a c e  r e a d i l y .  T h i s  w a s  

p a r t i c u l a r l y  t r u e  w i t h  0.1% phosphoric  a c i d  s o l u t i o n  (pH 2 . 2 ) ,  a 

popular  b u f f e r i n g  system f o r  po lypept ide  p u r i f i c a t i o n  ( 1 4 ) .  

The chemical (non-enzymatic) r e a c t i o n  o f  t h e  t h i o l  amino 

acid-GSH, CysGly. Cys, NAcCys-with s t y r e n e  o x i d e  produces a mixture  

of p o s i t i o n a l  isomers  c o n s i s t i n g  of 1 (70%) and - 2 (30%) (10 ,12 ) .  
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T 
II 
c 

Q 

pH.3 
1 

2 h 

1 1 1 , 1 1 1 1 , 1 1 1  

2 

I I I I I L I 1 1 1 I I  

10 2 0  
Time Min 

FIGURE 2. Isocratic separation of the glutathione conjugates of 
styrene oxide. Conditions were: one u-Bondapak C column 
(0.39 x 30 cm) eluted at 1 ml/min with 15% MeOH/74 mM H3P04 
buffered with Tris-base, upper trace pH 3 ;  lower trace, pH 7; 0.1 
AUFS. 
GS-PZ contains GS-lb, GS-Za, and GS-2b. 

Peak 1 i s  GS-P1 and peak 2 is GS-P2. GS-P1 contains GS-la; 

The isocratic separation of the GSH conjugates of styrene 

oxide, GS-1 and GS-2, at pH 3 and pH 7 is illustrated in Fig. 2. 

This sample consists of two positional isomers (GS-1 and GS-2) 

f o r  each of which two diastereoisomeric forms (GS-la,b and GS- 

Za,b) are possible. This mixture of stereoisomers is resolved 
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METABOLITES OF STYRENE OXIDE 353 

i n t o  two peaks (GS-P1 and GS-P2). The benzyl ic  t h i o e t h e r  

d ias te reo isomers  (GS-la and GS-lb) are c l e a r l y  reso lved  emerging 

i n  peaks GS-P1 and GS-P2 r e s p e c t i v e l y ,  whi le  t h e  benzyl ic  a l c o h o l  

d ias te reo isomers  (GS-2a and GS-2b) emerge i n  t h e  l a t e  e l u t i n g  

peak (GS-P2) toge ther  with GS-lb. Optimal c o n d i t i o n s  f o r  t h e  

s e p a r a t i a n  of t h e s e  p a r t i c u l a r  g l u t a t h i o n e  conjugates  are a t  pH 3 

o r  pH 4 ,  both of which provide b a s e l i n e  s e p a r a t i o n .  A t  pH 5 t h e  

r e s o l u t i o n  drops  d r a s t i c a l l y  and does n o t  d e t e r i o r a t e  f u r t h e r  

with i n c r e a s i n g  pH (Table 1 ) .  

The isocrat ic  s e p a r a t i o n  a t  pH 3 and pH 7 of a mixture  

conta in ing  a l l  of t h e  t h i o e t h e r  conjugates  of s t y r e n e  oxide  (Fig. 

1) i s  i l l u s t r a t e d  i n  F ig ,  3 .  The c y s t e i n e  (Csy) and c y s t e i n y l -  

g lyc ine  (CysGly) samples, as i s  t h e  case  f o r  GSH, a r e  reso lved  

i n t o  two peaks. I n  t h e s e  samples, however, t h e  isomeric  compo- 

s i t i o n  of t h e  peaks r e l a t i v e  t o  GSH is reversed .  I n  t h e  c y s t e i n e  

case ,  t h e  f i r s t  e l u t i n g  peak (Csy-P1) c o n t a i n s  a benzyl ic  t h i o -  

e t h e r  isomer ( i . e .  Cys-la) and t h e  benzyl ic  a l c o h o l  d i a s t e r e o -  

isomers (Cys-2a and Cys-2b); t h e  remaining b e n z y l i c  t h i o e t h e r  

d ias te reo isomer  (Cys-lb) e l u t e s  i n  t h e  second peak (Cys-P2). The 

c y s t e i n y l g l y c i n e  compounds behave s i m i l a r l y  wi th  t h e  two peaks 

(CysGly-P1 and CysGly-P2) contaLning an i d e n t i c a l  isomer d i s t r i -  

bu t ion  as f o r  Cys. 

conjugate  t h e  benzyl ic  t h i o e t h e r s  & a n d  

separa ted .  

i n a n t  p o s i t i o n a l  isomer (80-90%) produced i n  t h e  enzymatic conjuga- 

t i o n  of s t y r e n e  oxide  with GSH (10) .  

I t  i s  noteworthy t h a t  f o r  each amino a c i d  

are c o n s i s t e n t l y  

This f i n d i n g  i s  r e l e v a n t  s i n c e  t h i s  i s  t h e  predom- 
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METABOLITES OF STYRENE OXIDE 355 

TABLE 1 
1 The Capacity Factor (k ) as a Function of pH 

b Sample / pHa 2 4 5 6 7 %'atpH7 
GS-P1 4.3 3.1 274 2T4 2T4 -4 4 

Styrene glycol 3.7 3.7 3.5 3.6 3.7 0 

CysGly-PZ 4.3 3.6 3.4 3.7 4.3 0 
cys-P1 2.4 2.3 2.3 2.4 2.5 +4 
cys-P2 3.0 2.9 2.8 2.9 3.0 0 
Mandelic acid 4 2.2 1.2 0.6 0.7 0.5 -7 7 

GS-P2 5.7 3.8 2.8 2 . 6  2.7 -52 

CysGly-Pl 3.1 2.7 2.6 3.0 4.0 +29 

a - 75mM H3P04; b - Relative to pH 3. 

TABLE 2 

(e.g. GS-la and GS-lb) 
The Effect of pH on a for Diastereomeric Pairs 

Sample/pH 
GSH 

3 4 5 6 7 3 a  
1.32 1.72 1.16 i.Q8 1.12 1.31 

CysGly 1.35 1.33 1.3 1.23 1.07 1.37 

a'- 10 mM7hosphate solution, all others were 75 
C S  1.25 1.26 1.2 1.2 1.2-1.28 

The variation of k' (capacity factor) with pH for the 

different conjugates is summarized in Table 1. 

The changes introduced were not entirely predictable. 

conjugates showed a drastic decrease in retention times (44% and 

52%) at pH 7 relative to pH 3. 

the most part unaffected, and interestingly, only one of the 

cysteinylglycine peaks (CysGly-P1) showed a significant increase 

(29%) in retention. Styrene glycol, as anticipated was not 

affected by changes in pH, and mandelic acid exhibited the most 

dramatic decrease (77%) in retentivity of all compounds examined. 

The effect of pH on the separation factor (a value) for dia- 

stereoisomeric pairs is illustrated in Table 2. 

The GSH 

The cysteine compounds were for 
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356 HERNANDEZ ET AL. 

TABLE 3 
The E f f e c t  of  S a l t  Concentrat ion on k ' .  Buffer  S o l u t i o n s  a t  t h e  

w i t h  Tris-base 
Indica ted  Acid Concent ra t ions  were Adjusted t o  pH 3 

Sample -- 
GS-P1 

10 mM H e 4  
3 .8  

75 mM H S 4  
4.3 

GS -P 2 5 .0  5.7 

Cy SGly-Pl 2.7 3 .1  

cys-P1 2 .1  2.4 
cys-P2 2.7 3.0 
Mandelic a c i d  0.7 2 . 2  
a - I n c r e a s e  a t  75 mM H PO 

Styrene  g l y c o l  2 3 .2  3 . 7  

CysGly-P2 3 . 7  4.3 

r e l a t i v e  t o  10 mM H3P04. 3 4  

%Ak' 
+13 
+14 
+15 
+15 
+16 
+14 
f l l  
+214 

The t r e n d  p a r a l l e l s  t h a t  f o r  the k' v a l u e s ,  that  i s  a d e c r e a s i n g  

va lue  f o r  ci with  i n c r e a s i n g  pH. 

t h e  c y s t e i n e  compounds f o r  which c1 remains r e l a t i v e l y  c o n s t a n t  

throughout t h e  t e s t e d  pH range. 

a s i g n i f i c a n t  decrease  i n  a a t  pH 7 i s  c o n s i s t e n t  w i t h  t h e  

increased  k' observed f o r  on ly  one of t h e  peaks (Table 1). 

The n o t a b l e  except ion  a g a i n  i s  

For t h e  c y s t e i n y l g l y c i n e  isomers ,  

The e f f e c t  of  t h e  b u f f e r  s a l t  c o n c e n t r a t i o n  was examined a t  

pH 3 and i t  i s  descr ibed  i n  Table  3 .  

Operat ing a t  10 mM phosphate c o n c e n t r a t i o n  caused a genera l  

decrease  i n  r e t e n t i o n  times. This  decrease  was e s s e n t i a l l y  

c o n s t a n t  f o r  a l l  t h e  s u l f u r  compounds and s t y r e n e  g l y c o l  (2); 

mandelic a c i d  showed a d i s p r o p o r t i o n a t e  d e c r e a s e  i n  r e t e n t i v i t y .  

The changes i n  r e t e n t i v i t y  l i s t e d  i n  Table  3 are expressed as 

percentage i n c r e a s e  a t  t h e  high m o l a r i t y  b u f f e r  r e l a t i v e  t o  t h e  

low rnolar i ty  b u f f e r .  It is  worth reemphasizing t h a t  t h e  s a l t  

concent ra t ion  had no e f f e c t  on a ,  over  t h e  ranges t e s t e d .  
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METABOLITES O F  STYRENE OXIDE 357 

Time, Min. 

F I G U R E  4. Isocratic separation of the mercapturic acid conjugates 
(MA) of styrene oxide. Conditions as described in Fig. 2 (pH 3). 
Peak identification: 1, MA-P1; 2, MA-P2; 3, MA-P3. MA-P1 contains 
MA-la; MA-P2 contains MA-lb and MA-2b; MA-P3 contains MA-2a. 

TABLE 4 

Mercapturic Acid Isomers 
The Effect of pH and Salt Concentration on k' for the 

Sample /pH 
MA-P1 

3 3a 4 5 6 7 
11:s 770 5T6 5T5 514 

MA-PZ 12.1 7.5 6.1 6.0 6.0 
MA-P3 13.5 
a - 10 mM H3P04, all others 75 mM H3P04. 

The chromatographic behavior of  the N-acetylcysteine (mercap- 

turic acid) conjugate isomers of styrene oxide is summarized in 

Table 4 .  

The effect of pH on k' i s  similar t o  that found for the G S H  

compounds. The best separation is achieved at pH 3 where three 
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358 HERNANDEZ ET AL. 

of t h e  f o u r  p o s s i b l e  peaks are d i s t i n g u i s h a b l e  on t h e  t r a c e  (Fig.  

4 ) .  A t  pH 4 only t w o  peaks are r e s o l v e d ,  a f u r t h e r  drop i n  k '  i s  

found a t  pH 5 and t h e s e  l a t te r  v a l u e s  remain unchanged up t o  pH 

7 .  I n t e r e s t i n g l y  t h e  CL obtained f o r  MA-P1 and MA-P2 a t  pH 

4 i s  n o t  a f f e c t e d  by subsequent i n c r e a s e s  i n  pH. The i s o m e r i c  

composition of t h e  reso lved  peaks i s  as fo l lows:  a t  pH 3, MA-P1 

and MA-P2 c o n t a i n  b e n z y l i c  t h i o e t h e r  isomers  (MA-la and MA-lb); 

a b e n z y l i c  a l c o h o l  (MA-2a) e l u t e s  i n  t h e  t h i r d  peak (MA-P3) whi le  

t h e  o t h e r  d ias te reomer ic  b e n z y l i c  a l c o h o l  (MA-2b) c o e l u t e s  w i t h  

MA-lb i n  t h e  second peak. The two peaks s e p a r a t e d  a t  pH 4-7 each 

conta in  a benzyl ic  t h i o e t h e r  d ias te reo isomer .  The l o c a t i o n  of 

t h e  b e n z y l i c  a l c o h o l s  (MA-2a,b) was  not e s t a b l i s h e d .  The e f f e c t  

of b u f f e r  c o n c e n t r a t i o n  on t h e  s e p a r a t i o n  i s  more pronounced f o r  

t h i s  isomer mixture .  The r e s o l u t i o n  obta ined  a t  pH 3 i s  l o s t  

e n t i r e l y  when t h e  phosphate  c o n c e n t r a t i o n  i s  decreased  t o  10 mM 

(Table 4 ) .  

DISCUSSION 

The chromatographic behavior  of  t h e  t h i o e t h e r  m e t a b o l i t e s  of 

~ I _ - -  

s t y r e n e  oxide may be i n t e r p r e t e d  by a s t r u c t u r a l  model i n  which 

hydrophobic i n t e r a c t i o n s  are modulated by e q u i l i b r i a  of t h e  

i o n i z a b l e  groups i n  t h e  molecules .  The hydrophobic i n t e r a c t i o n s  

a r e  considered t o  be due l a r g e l y  t o  t h e  a f f i n i t y  of t h e  least  

p o l a r  end of t h e  conjugate  (phenyl s u b s t i t u e n t )  f o r  t h e  hydro- 

carbon bonded-phase of t h e  column. The i o n i c  forms of a n  amino 

a c i d  e q u i l i b r i u m  i n  aqueous s o l u t i o n  may be r e p r e s e n t e d  as  i n  

Scheme 2.  
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METABOLITES OF STYRENE OXIDE 359 

R-CHC02H + R-CHCO; + R-CHCO; 
I I I 

+ N H ~  + N H ~  NH2 

A - B - C - 
Scheme 2 

The r e l a t i v e  concent ra t ions  of t h e  t h r e e  i o n i c  forms are pH 

dependent, and f o r  t h e  range used i n  t h i s  s tudy  (pH 3-7) a l l  

t h r e e  forms are expected t o  p a r t i c i p a t e  i n  t h e  s e p a r a t i o n  mechanism. 

The pKa va lues  f o r  t h e  carboxyl  groups l i e  between 3. and 3.5 and 

those of t h e  amino group are between 8. and 8.5. These v a l u e s  

a r e  a n t i c i p a t e d  t o  change s l i g h t l y  due t o  t h e  presence of organic  

s o l v e n t .  

It has  been demonstrated by Kroeff and P i e t r z y k  t h a t  f o r  a 

series of d i p e p t i d e s .  d i f f e r e n c e s  i n  k '  v a l u e s  f o r  a c i d i c  and 

b a s i c  e lements  are r e l a t e d  t o  t h e  d i f f e r e n c e s  i n  p o s i t i o n  of t h e  

charged s p e c i e s  r e l a t i v e  t o  t h e  non-polar s u b s t i t u e n t s ,  and n o t  

t o  t h e  degree  of i o n i z a t i o n  (pKa) of t h e  amine and carboxyl  group 

of t h e  amino a c i d s  (15) .  This type of a n a l y s i s  i s  a l s o  a p p l i c a b l e  

t o  t h e  i n t e r p r e t a t i o n  of t h e  s e p a r a t i o n  mechanism(s) of t h e  

compounds involved i n  t h e  p r e s e n t  s tudy .  The conjugates  are 

separa ted  by class,  and t h e  o r d e r  of e l u t i o n  i s  Cys > CysGly > 

GSH which c o r r e l a t e s  with t h e  r e l a t i v e  d i s t a n c e  of t h e  charged 

groups t o  t h e  non-polar end of t h e  molecule. 

For Cys-1 and Cys-2 t h e  c l o s e  proximity of t h e  i o n i c  groups 

and a s l i g h t l y  lower pKa f o r  t h e  carboxyl  group combine t o  render  
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360 HERNANDEZ ET AL. 

t h e s e  compounds i n s e n s i t i v e  t o  pH changes; i o n i c  d i s s o c i a t i o n  i s  

e s t a b l i s h e d  a t  plI 3 and i s  not  d r a s t i c a l l y  a f f e c t e d  by i n c r e a s e s  

i n  pH. For GS-1 and GS-2 t h e  d i s t a n c e  between t h e  p a r t i c i p a t i n g  

groups i s  g r e a t e r ;  t h e  e f f e c t  of t h e  a-amino a c i d  should n o t  be 

as s t r o n g ,  and i t  a p p a r e n t l y  allows p a r t i c i p a t i o n  of  t h e  carboxyl  

group of  t h e  Gly r e s i d u e .  This e f f e c t  i s  r e f l e c t e d  i n  t h e  k '  

where a t  pH 5 t h i s  group i s  presumably f u l l y  ion ized  and t h e  a- 

amino a c i d  i s  i n  t h e  z w i t t e r i o n  form (J3); consequent ly  t h e  

c a p a c i t y  f a c t o r  remains e s s e n t i a l l y  c o n s t a n t  (Table 1 ) .  Kroeff 

and Pre t rzyk  repor ted  minimum v a l u e s  f o r  k '  a t  t h e  i s o e l e c t r i c  

p o i n t  (form p )  of a given d i p e p t i d e  (15). 

A s i m i l a r  argument may be used t o  e x p l a i n  t h e  HPLC behavior  

of t h e  N-acetylcysteine compounds (MA) and mandelic a c i d ,  where 

decreas ing  k'  v a l u e s  p a r a l l e l  t h e  increased  i o n i z a t i o n  of t h e  

carboxyl  group wi th  i n c r e a s i n g  pH (Tables  $ and 4J. 

of d i s t a n c e  i s  a l so  exempl i f ied  i n  t h e s e  two cases. The decrease  

i n  k '  f o r  mandelic a c i d  i s  much more dramat ic  than f o r  MA-1 and 

MA-2 which a rgues  f o r  a s t r o n g e r  i n h i b i t i o n  by t h e  i o n i z e d  

carboxyl  group i n  t h e  mandelic a c i d  case .  

a n t i c i p a t e d  i s  not  a f f e c t e d  by pH (Table 1). 

The e f f e c t  

S tyrene  g l y c o l  (A),  as 

The CysGly samples do not  f a l l  i n  l i n e  w i t h  t h e  HPLC behavior  

observed f o r  Cys and GS d e r i v a t i v e s .  Capaci ty  f a c t o r s  f o r  t h e s e  

compounds a r e  maximal a t  t h e  two ends of t h e  pH range s t u d i e d  

(Table 1). A d d i t i o n a l l y ,  a n e t  i n c r e a s e  i n  k '  is  observed f o r  

one of t h e  peaks,  CysGly-P1. A unique f e a t u r e  of t h e  CysGly i s  

t h a t  i t  has  an i s o l a t e d  (Cys) amino group, which i n  terms of 

proximity t o  t h e  hydrophobic p o r t l o n  of t h e  molecule should be 
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METABOLITES OF STYRENE OXIDE 361 

0 

H 

FIGURE 5. Structural projections of the diastereomeric benzylic 
conjugates of CysGly. 
benzylic carbon center. 

The g and 5 denote the configuration at the 

more effective in influencing the separation than the -COZH. 

A s  mentioned earlier, a separation mechanism based only on 

differences in ionization constants is not plausible. It follows 

that the anomalous behavior of the CysGly compounds must be 

primarily explained on the basis of the interaction of the 

proximate ammonium group with the phenyl ring substituent (Fig. 5) 

The extent of this interaction will be strongly influenced by the 

relative configuration at the benzylic center in CysGly-1. 

the favorable conformations available to CysGly-la and CysGly-lb, 

it is conceivable that for one diastereoisomer the ammonium group 

is placed on the same side of the molecule as the hydrophobic 

portion. 

From 

This diastereoisomer would have a small k’  at low pH, 
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s i n c e  when t h e  amine i s  f u l l y  pro tona ted  t h e  hydrophobic s u r f a c e  

a v a i l a b l e  f o r  b inding  i s  decreased.  I n  t u r n  t h i s  a l lows  f o r  

p a r t i c i p a t i o n  of t h e  carboxyl  group i n  Gly s i n c e  t h e  d e c l i n e  i n  

k' i s  s i g n i f i c a n t  from pH 3 t o  pH 5 (Table 1 ) .  A gradual  i n c r e a s e  

i n  k '  w i t h  i n c r e a s i n g  pH would be c o n s i s t e n t  w i t h  a d e c r e a s e  i n  

t h e  c o n c e n t r a t i o n  of pro tona ted  amine and t h e  subsequent  i n c r e a s e  

i n  hydrophobic area a v a i l a b l e  f o r  b inding  t o  the column. The 

o t h e r  d ias te reo isomer  w i t h  t h e  charged group f a r t h e r  away from 

t h e  phenyl r i n g  p o r t i o n ,  would have a l a r g e r  k '  a t  low pH as a 

r e s u l t  of decreased i n h i b i t i o n  by t h e  amine f u n c t i o n  ( r e l a t i v e  t o  

t h e  f i r s t  d i a s t e r e o i s o m e r ) ,  and s i n c e  t h e  hydrophobic s i tes  are 

more a v a i l a b l e  f o r  b inding  t h e  e f f e c t  of t h e  carboxyl  group i n  

t h e  k '  i s  not  expected t o  be as pronounced. An i n c r e a s e  i n  k' 

would fo l low a t  h i g h e r  pH f o r  t h e  reason  s t a t e d  earlier.  The 

chromatographic p a t t e r n  observed f o r  CysGly-P1 accomodates t h e  

f i r s t  c a s e  descr ibed ,  whi le  CysGly-P2 f i t s  t h e  second model (F ig .  

5 ) .  Small changes i n  k' f o r  Cys-P1. and GS-P1 are a l s o  s u g g e s t i v e  

of t h i s  type of conformational  c o n t r o l  i n  hydrophobic b inding .  

The f a i l u r e  t o  s e p a r a t e  t h e  b e n z y l i c  a l c o h o l  d i a s t e r e o -  

isomers ($) i n  Cys, CysGly-, and GS-2 conjugates  i s  more l i k e l y  

r e l a t e d  t o  t h e  i n c r e a s e d  d i s t a n c e  between t h e  i o n i z a b l e  groups 

and t h e  c h i r a l  c e n t e r  i n  1. 
MA-2 occurs  a t  pH 3 (Fig.  4 )  w i t h  75 mM b u t  n o t  10 mM b u f f e r  

i n d i c a t e s  a p a r t i t i o n  mechanism o p e r a t i n g  on a n e u t r a l  molecule  

( see  below). 

The f a c t  t h a t  p a r t i a l  s e p a r a t i o n  f o r  

The e f f e c t  of sa l t  c o n c e n t r a t i o n  i s  summarized i n  Table  3 .  

A n e t  decrease  i n  k '  i s  e v i d e n t  f o r  a l l  compounds a t  lower i o n i c  
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strength buffer. This decrease at 10 mM buffer concentration is 

nearly constant (13-16%) except for mandelic acid. The Q values 

for pairs of diastereoisomers are not affected (Table 3 )  by 

decreased salt concentration. The conclusion is that higher salt 

concentration favors increased interaction with the column bonded 

phase by a “salting-out‘’ effect. Of the thioether compounds the 

mercapturic acids are most strongly affected demonstrating a net 

loss of separation (Table 4 )  at lower ionic strength buffer. 

From these data one might speculate, that under the conditions 

used (pH 3-7 and alkylammonium buffer system), the influence of 

- NH3 in hydrophobic interactions is stronger than that of -C02H. 

A clear example is Cys versus MA; the latter, with a blocked 

amine group elutes much later and is more susceptible to ionic 

strength changes. 

(pH 9) where the only ionized species would be -CO;, the effect 

of this group in conformational control would be felt; predictably 

the mercapturic acids would be more strongly affected. 

also possible that the organic base forms ion-pairs with the 

carboxyl function, and in this way nullifies some of its ionic 

effect. 

+ 

It is possible that by operating at higher pH 

It is 

The information derived form this study is not limited to 

thioether metabolites of styrene oxide. For example, in developing 

an HPLC assay for other sulfur conjugates it is clear that optimal 

conditions for separation occur at pH 3 or 4 .  

lability is incompatible with acidic conditions, then working at 

pH 7 is more desirable than at the intermediate pH 5 or pH 6 .  

If substrate 

At 
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pH 7 the  concent ra t ion  of z w i t t e r i o n  g should b e  less and p a r t i c i p a t i o n  

by unionized amine groups becomes more favorable .  

For s t y r e n e  oxide  m e t a b o l i t e s ,  a n  i s o c r a t i c  s e p a r a t i o n  a t  pH 

3 o r  4 a l lows  s e p a r a t i o n  of t h e  major m e t a b o l i t e s  commonly found 

(11). al though t h e  CysGly over laps  with GS under t h e s e  c o n d i t i o n s .  

However, t h e  presence of CysGly may be i n f e r r e d  by i s o c r a t i c  

e l u t i o n  a t  pH 7 ;  i f  determined t o  be p r e s e n t  then  g r a d i e n t  

condi t ions  a l low s e p a r a t i o n  of a l l  t h e  compounds a t  e i t h e r  a c i d i c  

(pH 3 o r  4 )  o r  n e u t r a l  pH. 

The a n a l y s i s  descr ibed  a l lows  t h e  rap id  e s t i m a t i o n  of GSH 

t r a n s f e r a s e  a c t i v i t i e s  with s t y r e n e  oxide a s  s u b s t r a t e  and t h e  

s e p a r a t i o n  and q u a n t i t a t i o n  of in te rmediary  mercaptur ic  a c i d  

d e r i v a t i v e s  of t h i s  a lkene  oxide,  whi le  providing v a l u a b l e  

s t r u c t u r a l  and s tereochemical  information concerning each class 

of t h i o e t h e r  metabol i tes .  
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