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Abstract----Glut athione (GSH) conjugation of 2-bromoisovalerylurea (BIU) enantiomers is stereoselective 
in humans in oioo. Administration of racemic BIU results in a higher plasma elimination and urinary 
excretion of R-BIU and its mercapturate, respectively, than of S-BIU and its mercapturate. In order 
to relate the in vioo BIU pharmacokinetics to the activity of glutathione S-transferase (GST) isoenzymes, 
the GSH conjugation of BIU enantiomers was studied with human liver and intestinal cytosolie fractions 
as well as purified human class alpha (GSTAI-1, GSTA2-2), mu (GSTMla-la) and pi (GSTPI-1) GST 
isoenzymes. Stereoselective GSH conjugation of BIU enantiomers was observed for most human liver 
and intestinal cytosolic fraction. In general, the cytosolic fractions preferentially conjugated S-BIU. 
Stereoselective preference for GSH conjugation of S-BIU was also observed for GSTA2-2 and GSTMla- 
la, whereas GSTAI-1 was not selective for either of the BIU enantiomers. GSTPI-1 did not catalyse 
conjugation of R- and S-BIU. Quantification of the GST isoenzymes in the liver cytosolic fractions 
showed that the stereoselectivity towards S-BIU was related to the profile and amount of GST subunits 
in the cytosolic fractions. The discrepancy in stereoselectivity between the BIU pharmacokinetics in 
vivo and the GSH conjugation of BIU enantiomers in vitro is discussed. In addition, since in contrast 
to human GSTMla-la, rat class Mu isoenzymes prefer R-BIU, the present results indicate that related 
isoenzymes in different species may have a different stereoselectivity. 

The glutathione S-transferases (GSTs§) are a group 
of isoenzymes best known for their role in the 
detoxification ofelectrophilic (alkylating) xenobiotics 
and intermediates. So far, four classes of cytosolic 
GSTs have been identified: alpha, mu, pi and theta. 
GST isoenzymes belonging to the same class exhibit 
similarities in, among others, substrate specificity 
and structural aspects [1--4]. The existence of multiple 
GSTs with their own but also overlapping substrate 
speciflcities enables the enzyme system to handle a 
wide range of compounds. 

The role of glutathione (GSH) conjugation in the 
pharmacokinetics of drugs and in the aetiology of 
diseases has hardly been studied in humans in oivo, 
partly due to the lack of a suitable model substrate 
for the characterization of GSH conjugation. Since 
any model substrate will only be converted by a 
limited number of GST isoenzymes, the phar- 
macokinetics of the substrate will selectively reflect 
the properties of the isoenzymes involved. Recently, 
the sedative and hypnotic racemic drug 2-bro- 
moisovalerylurea (BIU) (Fig. 1) was introduced as 

t Corresponding author. Tel. (31) 71 276223; FAX (31) 
71 276 292. 

§ Abbreviations: BIU, 2-bromoisovalerylurea; GSH, 
glutathione; GST, glutathione S-transferase; CDNB, 1- 
chloro-2,4-dinitrobenzene; AUC, area under curve. 
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Fig. 1. Structure of BIU (* chiral centre). 

a model substrate for the characterization of GSH 
conjugation, by so far not clearly defined GST 
isoenzymes, in humans in oivo [5-7]. Studies with 
purified rat liver GST isoenzymes have shown that 
the class alpha isoenzymes 1-1 and 2-2 preferentially 
catalyse the conjugation of S-BIU, whereas the class 
mu isoenzymes 3-3 and 4-4 prefer R-BIU [8]. 

In agreement with results obtained in rats in oioo 
[9,10], a pronounced stereoselectivity in the 
pharmacokinetics of racemic BIU was found 
in humans. In healthy male volunteers, oral 
administration of 600 mg racemic BIU resulted in a 
much higher plasma elimination and urinary 
excretion of R-BIU and its mercapturate, respect- 
ively, compared to S-BIU and its mercapturate 
[6, 7]. In the present study, GSH conjugation of 
BIU enantiomers is studied with human liver and 
intestinal cytosolic fractions as well as the purified 
GST isoenzymes (which in the liver and intestine 
are probably most important [11-14]), GSTAI-1,  
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Table 1. GST subunit characteristics of the human liver cytosolic fractions 

Amount of subunit (#g/mg of cytosolic protein) Specific 
Cytosol activity 

no. GSTP GSTMla GSTMlb GSTA1 GSTA2 Total (U/rag) 

1 3.3 19 0 19 14 55 1.31 
(6%) (33%) (35%) (26%) (100%) 

2 3.7 5.8 0 14 2.9 27 0.75 
(14%) (22%) (53%) (11%) (100%) 

3 0.94 9.9 0 17 10 39 1.22 
(2%) (26%) (45%) (27%) (100%) 

4 1.8 5.7 0 24 12 43 0.39 
(4%) (13%) (54%) (29%) (100%) 

The specific activity is expressed as #moi of CDNB conjugated/min per mg of cytosolic protein. The 
amount of subunit is also expressed as percentage of total GST subunits. 

Table 2. GST subunit characteristics of the human intestinal cytosolic fractions 

Amount of subunit (/~g/mg of cytosolic protein) Specific 
Cytosol activity 

no. GSTP GSTA1 Total (U/mg) 

G1 51 43 94 1.69 
(55%) (45%) (100%) 

G2 24 29 53 1.47 
(45%) (55%) (100%) 

G3 6.3 17 23 0.81 
(27%) (73%) (100%) 

G4 40 20 59 1.03 
(67%) (33%) (100%) 

G5 59 22 81 1.30 
(73%) (27%) (100%) 

The intestinal fractions G1-G4 were derived from jejunal tissue and fraction G5 from colon. 
The specific activity is expressed as /~mol of CDNB conjugated/min per mg of cytosolic 
protein. The amount of subunit is also expressed as percentage of total GST subunits. 

GSTA2-2 (class alpha), G S T M l a - l a  (class mu) and 
GSTPI-1 (class pi), in order to relate the in oioo 
GSH conjugation of BIU enantiomers to the GST 
isoenzyme activity. 

MATERIALS AND METHODS 

BIU was obtained from O.P.G.  (Utrecht, 
The Netherlands). BIU enantiomers and its 
diastereomeric GSH conjugates (reference com- 
pounds for HPLC) were obtained as described 
previously [10,15]. GSH was obtained from 
Boehringer (Mannheim, Germany). 

The human liver cytosolic fractions (N = 4) and 
purified human GST isoenzymes were obtained as 
described previously [11]. The human intestinal 
cytosolic fractions were supplied by W. H. M. Peters 
(Division of Gastrointestinal and Liver Diseases, St 
Radboud University Hospital, Nijmegen, The 
Netherlands). Four of the intestinal cytosolic 
fractions were derived from jejunal tissue (No. G1-  
G4) and one (No. G5) was derived from colon tissue. 
Quantification of GST subunits in the human liver 

and intestinal cytosolic fractions was done as 
described previously [11]. 

The specific activity of the cytosolic fractions and 
purified GST isoenzymes towards 1-chloro-2,4- 
dinitrobenzene (CDNB) (expressed as /~mol of 
CDNB conjugated/min per mg of protein) was 
determined according to Habig et al. [16]. Specific 
activities with CDNB as second substrate were 31, 
22, 149 and 62U/mg for GSTAI-1,  GSTA2-2, 
GSTMla - l a  and GSTPI-1, respectively. Specific 
activities with CDNB of the human liver and 
intestinal cytosolic fractions are shown in Tables 1 
and 2, respectively. 

Incubations were performed at 37 ° in 25 mM 
sodium phosphate buffer, pH 7.4. The incubations 
with human cytosolic fractions (liver and intestinal) 
contained 2.0 mM GSH and 2 mM acceptor substrate 
(R/S-,  R- or S-BIU). Depending on the protein 
concentration of the cytosolic fraction, the final 
protein concentrations in the incubations were 3.71- 
6.08 mg/mL and 0.74--2.02 mg/mL for the liver and 
intestinal cytosolic fractions, respectively. The 
incubations with purified human GST isoenzymes 
contained 2.0 mM GSH, 0.25 mg/mL protein (GST) 
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and 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.5 or 2.0mM 
aeceptor substrate (R/S-, R- or S-BIU). Total 
incubation volumes were 50/aL. For both (R/S)- 
BIU and its separate enantiomers, a 4raM BIU 
stock solution was made in Millipore (Bedford, MA, 
U.S.A.) water. The limited solubility of BIU 
prevented the use of higher substrate concentrations. 
After pre-incubation at 37 ° for 0.5 min, the reaction 
was started by adding GSH. After incubation for 
2.5 min, the reaction was stopped by adding 10/tL 
of 6 N hydrochloric acid immediately followed by 
freezing in liquid nitrogen. Samples were stored at 
-20  ° until analysis. In general, the incubations were 
performed in duplicate. 

HPLC analysis of incubation samples to quantify 
the diastereomeric GSH conjugates of (R/S), R and 
S-BIU was performed as described elsewhere [17]. 
The data obtained with purified GST isoenzymes 
were analysed using Lineweaver-Burk plots. 

RESULTS 

Except for GSTPI-1, all GST isoenzymes studied 
(GSTAI-1, GSTA2-2 and GSTMla-la) as well as 
all hepatic and intestinal cytosolic fractions converted 
BIU to its GSH conjugates. In all cases, conjugation 
of R-BIU resulted exclusively in formation of the 
diastereomeric S-conjugate, whereas S-BIU was 
converted exclusively to the diastereomeric R- 
conjugate, confirming that GSH conjugation of BIU 
proceeds via an  SN 2 mechanism with inversion of 
configuration at the chiral center. The spontaneous 
non-enzymatic GSH conjugation ofBIU enantiomers 
was low. In general, the spontaneous reaction 
accounted for less than 10% of the total amount of 
conjugate formed. 

Quantification of the GST subunits in the human 
cytosolic fractions demonstrated that in the liver the 
class alpha isoenzymes (GSTAI-1 and GSTA2-2) 
are predominantly present (about 66% of the total 
amount of GST subunits). All liver cytosolic fractions 
studied contained the polymorphic class mu 
isoenzyme GSTMla-la; the class pi isoenzyme was 
only present in minor amounts (Table 1). In the 
human intestinal cytosolic fractions only GSTAI-1 
(class alpha) and GSTP (class pi) could be quantified 
(Table 2). The specific activities with CDNB were 
comparable for the liver and intestinal cytosolic 
fractions (Tables 1 and 2). 

With the exception of one of the liver cytosolic 
fractions (No. 2), all other fractions studied 
showed stereoselectively in the conjugation of BIU 
enantiomers with GSH (Table 3). In general, the 
liver cytosolic fractions preferred conjugation of S- 
BIU (R/S-ratio<0.5).  Cytosol No. 2 did not 
demonstrate stereoselectivity towards either S- or 
R-BIU (R/S-ratio ~- 1). 

Three of the five intestinal cytosolic fractions 
preferentially conjugated S-BIU (Table 4). However, 
this stereoselectivity was less pronounced than that 
of liver cytosolic fractions. Cytosoi No. G3 and G4 
demonstrated a preference for GSH conjugation of 
R-BIU. 

The incubations performed with purified human 
GST isoenzymes indicated that GSH conjugate 
formation by GSTAI-1 was not stereoselective. On 

the other hand, a pronounced stereoselectivity was 
observed for GSTA2-2 (Table 5, Fig. 2). The 
preference of GSTA2-2 for S-BIU is evident both 
at the level of the Km and Vm~ values. GSTMla-la 
was also stereoselective towards S-BIU. This 
stereoselectivity of GSTMla-la is clearly demon- 
strated in the Lineweaver-Burk plot (Fig. 2), but is 
only marginally expressed in the enzyme kinetic 
parameters (Table 5). The latter may be related to 
the fact that due to the limited solubility of BIU, 
the enzyme activities could not be determined at 
higher substrate concentrations. 

GSH conjugate formation of a BIU enantiomer 
was influenced by the presence of an equimolar 
amount of the opposite BIU enantiomer (as in the 
racemate). The specific activities and R/S-ratios of 
the liver and intestinal cytosolic fractions (Tables 3 
and 4) and the K,n and Vmax values of the purified 
GST isoenzymes (Table 5) were higher for the sep- 
arate BIU enantiomers compared to those obtained 
after incubations with racemic BIU as substrate. On 
the other hand, similar stereoselectivity was 
observed for incubations performed with either 
racemic BIU or its separate enantiomers. 

DISCUSSION 

Stereoselective GSH conjugation of BIU 
enantiomers was observed for the human liver and 
intestinal cytosolic fractions. The cytosolic fractions 
generally preferred conjugation of S-BIU. Pref- 
erential conjugation of S-BIU in vitro was not 
expected in view of the stereoselective BIU phar- 
macokinetics in humans in oivo. In healthy male 
volunteers, administration of racemic BIU (p.o.) 
resulted in a much lower plasma area under the 
curve (AUC) of R-BIU and a much higher urinary 
excretion of the mercapturate derived from R-BIU 
compared to those of S-BIU and its mercapturate 
[6, 7]. The GST class mu phenotype did not influence 
the BIU pharmacokinetics, as no difference could 
be detected in BIU pharmacokinetics between GST 
class mu deficient and non-deficient subjects [6]. 

GSH conjugation of BIU enantiomers was studied 
with the purified GST isoenzymes GSTAI-1, 
GSTA2-2, GSTMla-la and GSTP, which have been 
shown to be quantitatively the most important GST 
isoenzymes in the liver and gastrointestinal tract [11- 
14] (Tables 1 and 2). None of the GST isoenzymes 
studied preferred conjugation of R-BIU and 
especially GSTA2-2 was stereoselective towards S- 
BIU. 

The stereoselective GSH conjugation of BIU 
enantiomers by human liver cytosolic fractions was 
related to the amount of class alpha and mu GST 
subunit. Based on the stereoselectivity of especially 
GSTA2-2 towards S-BIU, this relation is clearly 
reflected in the lack of stereoselectivity towards 
S-BIU of human liver cytosolic fraction No. 2 (Table 
3). This liver cytosolic fraction contained, compared 
with the other liver cytosolic fractions, a relatively 
small amount of GSTA2 subunit (Table 1). 
Moreover, calculation of the total cytosolic specific 
activities by using the data obtained with purified 
human GST isoenzymes (GSTAI-1, GSTA2-2 and 
GSTMla-la) as well as the amount of corresponding 



1778 T. M.  T.  MULDERS et al. 

T a b l e  3. Specif ic  ac t iv i t ies  a n d  R/S-ratios ( m e a n ,  N = 2) o f  the  h u m a n  l iver  cy toso l i c  f r ac t i ons  
t o w a r d s  the  B I U  e n a n t i o m e r s  a n d  r a c e m i c  B I U  

C y t o s o l  Specif ic  ac t iv i ty  ( n m o l / m i n  pe r  m g  p r o t e i n )  
no.  S u b s t r a t e  R - B I U  S - B I U  R/S-ratio 

1 R - B I U  0.91 - -  - -  
S - B I U  2 .50  0 .37  
(R/S)-BIU 0 .50  2.13 0 .23 

2 R - B I U  0 ,43  - -  - -  
S - B I U  - -  0 .30  1.43 
(R/S)-BIU 0.25  0 .26  1.00 

3 R - B I U  0.75 - -  - -  
S - B I U  - -  1.83 0 .38  
(R/S)-BIU 0.43  1.49 0 .29  

4 R - B I U  0 .74  - -  - -  
S - B I U  - -  1.61 0 .43  
(R/S)-BIU 0 .34  1.02 0 .34  

T a b l e  4. Speci f ic  ac t iv i t ies  a n d  R/S-ratios ( m e a n ,  N = 2) o f  h u m a n  in tes t ina l  cy toso l i c  f r ac t ions  t o w a r d s  
the  B I U  e n a n t i o m e r s  a n d  r a c e m i c  B I U  

C y t o s o l  Specif ic  ac t iv i ty  ( n m o l / m i n  p e r  m g  p r o t e i n )  
no.  S u b s t r a t e  R - B I U  S - B I U  R/S-ratio 

G1 R - B I U  1.61 - -  - -  
S - B I U  - -  2 .19  0 .75 
(R/S)-BIU 0 .79  1.15 0 .69  

G 2  R - B I U  0 .98  - -  - -  
S - B I U  - -  1.31 0 .79  
(R/S)-BIU 0.37  0 .60  0 ,62  

G 3  R - B I U  0 .94  - -  - -  
S - B I U  - -  0 .46  1,72 
(R/S)-BIU 0.73  0 .70  1,63 

G 4  R - B I U  0 .88  - -  - -  
S - B I U  - -  0 .72  1,36 
(R/S)-BIU 0.33  0 .29  1,12 

G 5  R - B I U  0.61 - -  - -  
S - B I U  - -  0 .80  0 .79  
(R/S)-BIU 0 .39  0 .59  0 .66  

T a b l e  5. E n z y m e  k ine t i c  p a r a m e t e r s  o f  pu r i f i ed  h u m a n  G S T  i s o e n z y m e s  t o w a r d s  the  B I U  e n a n t i o m e r s  
(N = 1) a n d  r a c e m i c  B I U  ( m e a n  -+ SD)  

R - B I U  S - B I U  

Kin Vmax gm Vmax 
E n z y m e  S u b s t r a t e  ( r a M )  ( n m o l / m g / m i n )  ( m M )  ( n m o l / m g / m i n )  

G S T A I - 1  R - B I U  0.51 19 - -  - -  
S - B I U  - -  - -  0 .37 18 
(R/S)-BIU* 0 . 1 2 - + 0 . 0 6  8 . 7 - + 0 . 2  0 . 1 3 - + 0 . 0 8  9 , 2 - + 0 . 4  

G S T A 2 - 2  R - B I U  3.9  26 - -  - -  
S - B I U  - -  - -  1.7 109 
(R/S)-BIU* 1.2 -+ 0.1 7 .8  -+ 3 .6  0 .63  -+ 0 .05  39 -+ 5 

G S T M l a - l a  R - B I U  2 .6  30 - -  - -  
S - B I U  - -  - -  1.7 31 
(R/S)-BIUt 1.0 -+ 0 .4  10 -+ 1 0 .73  -+ 0 .2  14 -+ 2 

* N - - - 2 ,  t N = 3 .  
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Fig. 2. Lineweaver-Burk plots of GSTA2-2 (upper) and 
GSTMla-la (lower) with R- and S-BIU as substrates at 
2.0 mM GSH. Triangles = GSH conjugate derived from 

R-BIU, circles = GSH conjugate derived from S-BIU. 

GST subunit per cytosolic fraction, showed that the 
activities towards the BIU enantiomers and R/S- 
ratios of the liver cytosolic fractions were predict- 
able. This also indicates that other possible GST 
isoenzymes present in the liver (e.g. class theta iso- 
enzymes) are unlikely to have a major influence on 
the stereoselective conjugation of BIU enantiomers. 
This assertion is supported by the observation that 
for only one of the four liver cytosolic fractions (No. 
4) specific activity (1.03 nmol/min per mg cytosolic 
protein) towards dichloromethane (substrate class 
theta) could be detected. 

Comparison of the present data with those 
obtained for purified rat liver GST isoenzymes [8] 
shows that neither the human nor rat class pi iso- 
enzyme catalysed the GSH conjugation of BIU 
enantiomers. In addition, the stereoselectivity of the 
human class alpha isoenzyme GSTA2-2 is similar to 
that of purified rat class alpha GST isoenzymes 1-1 
and 2-2, which preferentially catalyse the con- 
jugation of S-BIU. However, the stereoselectivity 
of human GSTMla- la  (preference for S-BIU) is 
opposite to that of rat class mu GST isoenzymes 3- 
3 and 4-4, which prefer R-BIU. Therefore, despite 
the similarities in structural and catalytic properties 
between rat and human cytosolic GST isoenzymes 
[18], a species difference in stereoselectivity was 

found for the GSH conjugation of BIU enantiomers 
by the human and rat class mu GST isoenzymes. 

Previous studies with rat liver cytosolic fractions, 
isolated rat hepatocytes, perfused rat liver and the 
intact rat showed that R-BIU was conjugated two to 
three times faster than S-BIU [10, 19]. Based on the 
stereoselectivity of purified rat GST isoenzymes [8] 
and the predominance of GST subunits 1 and 2 (class 
alpha) and 3 and 4 (class mu) in the rat liver (the 
concentration of class mu isoenzymes are slightly 
higher than those of class alpha isoenzymes) [20], 
preferential conjugation of R-BIU in rats in vivo is 
most likely related to the faster conjugation of R- 
BIU by rat liver 3-3 and 4-4. In contrast to rats, 
involvement of human class mu isoenzymes in the in 
vivo GSH conjugation of especially R-BIU is not 
likely, since GSTMla- la  preferentially conjugated 
S-BIU and in vivo the BIU pharmacokinetics were 
not influenced by the GST class mu phenotype [6]. 
Furthermore, although all human liver cytosolic frac- 
tions contained GSTMla  subunits, they prefer- 
entially conjugated S-BIU. 

The present in vitro results would suggest pref- 
erential GSH conjugation of S-BIU in humans in 
vivo. However, after oral administration of racemic 
BIU to healthy male volunteers, both the plasma 
clearance of R-BIU and the urinary excretion of the 
mercapturate derived from R-BIU in urine were 
higher compared to that of S-BIU and its mer- 
capturate [6, 7]. As stereoselective or incomplete 
absorption of BIU enantiomers in humans is unlikely 
[6], the stereoselective BIU pharmacokinetics in 
humans seem to be caused by a more extensive GSH 
conjugation of R-BIU. 

A possible explanation for the in vitro-in vivo 
difference in GSH conjugation of BIU enantiomers 
in humans may be the involvement of other GST 
isoenzymes, outside the liver and gastrointestinal 
tract, than those presently studied in the conjugation 
of BIU enantiomers. More likely, other metabolic 
routes, including presystemic metabolism, may be 
involved in the BIU pharmacokinetics in vivo. The 
latter is supported by the fact that in humans only 
30-40% of the total racemic BIU dose could be 
recovered as BIU mercapturates in urine in 24 hr. 
Furthermore, in the rat, hydrolysis of BIU by ami- 
dase activity to 2-bromoisovaleric acid (BI) has been 
observed [10, 19]. Nevertheless, the tissues and/or 
GST isoenzymes involved in the stereoselective BIU 
pharmacokinetics, i.e. preferential GSH conjugation 
of R-BIU, in humans are still open for discussion. 
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