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Abstract We have previously observed that the Y, subunit- 
containing glutathione (GSH) S-transferases from rat liver 
exhibit a common high affinity binding site for lithocholic acid, 
bilirubin, and sulfobromophthalein (BSP) (1984. J Lipid Res. 
25: 1177-1183). Subsequently we found that cholic acid and its 
amidates bound to a site on the Y, subunit separate for the 
lithocholic acid/bilirubin site (1986. J. Lipid &s. 2 7  955-966). 
We now have extended this work by showing that amidates of 
lithocholic acid as well as chenodeoxycholic acid and its amidates 
competitively displace [ "C]lithocholic acid from the Y, subunit. 
GSH did not inhibit binding of any of the ligands to the high 
affinity Y ,  site, but did inhibit binding to the cholic acid site on 
the Y, subunit. We have also defined the binding sites and 
effects of GSH on the Yb class of subunits. Lithocholic, cheno- 
deoxycholic, and cholic acids (and amidates) shared a common 
site on the Yb or Yb subunit, whereas BSP and bilirubin were 
bound at a different site. Both the bile acid and organic anion 
sites on the Yb subunit were inhibited by GSH. The inhibi- 
tion by GSH in all cases (Y, cholic acid site or Yb bile acid or 
bilirubin sites) was saturable, of the competitive type, and 
incomplete at maximal GSH concentrations, suggesting that 
when GSH binds to its distinct substrate site, it induces a 
conformational change in the proteins affecting the other bind- 
ing sites. - Takikawa, H., and N. Kaplowitz. Comparison of 
the binding sites of GSH S-transferases of the Y,- and Yb- 
subunit classes: effect of glutathione on the binding of bile acids. 
J Lipid Res. 1988. 29: 279-286. 
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The glutathione S-transferases are a unique family of 
cytosolic proteins for which a dual role has been suggested 
(1, 2). These enzymes catalyze important detoxification 
reactions, but also bind nonsubstrate ligands, such as 

the binding interaction of ligands with these cytosolic pro- 
teins in minimizing the free intracellular concentration 
available for back-diffusion into plasma (3). 

We and others have extensively characterized the bind- 
ing properties of GSH S-transferases from rat liver (4-12). 
The majority of these enzymes can be divided into two 
groups: one group consists of homo- and heterodimers of 
Y, or Y, subunits (Yay,, Yayc, Y,Y,) and the other group 
consists of Yb or Yd subunits (YbYb, YbY;, YdYd). 
Our work has especially focused on the binding properties 
for bile acids (8, 9). We previously have found marked 
differences in the binding of lithocholic acid versus cholic 
acid (8, 9). Lithocholic acid binds to a unique high affinity 
site on the Y, subunit which is shared by bilirubin and 
BSP (8). Cholic acid binds to a different site on the Y, 
subunit (9). The site on the Y, subunit responsible for 
chenodeoxycholic acid binding has not been determined. 
The number of different sites on the Yb subunits for bile 
acids and organic anions also has not been defined. How- 
ever, it is known that the Yb family does not exhibit high 
affinity binding of lithocholic acid (9) or bilirubin (6) .  

In examining the binding properties of GSH S-trans- 
ferases, an important issue, only touched upon in our 
previous work, is the effect of GSH on binding of bile 
acids and organic anions (9). In some cases, GSH in- 
hibited binding but the type of inhibition was not charac- 
terized. Since it is expected that GSH will be present 
physiologically at saturating concentrations (millimolar), 
the effect of GSH on binding may be very important and 
sites unaffected by GSH may be expected to preferentially 

~~ 

bilirubin and bile acids. The large content of these pro- 
teins in liver, the organ that translocates bilirubin and 
acids from blood to bile, suggests that the interaction of 

Abbreviations: BSP , sulfobromophthalein; ANS, 1-anilino-&naphtha- 
lene sulfonate; GSH, reduced glutathione; GSSG, oxidized glutathione; 
DTT, dithiothreitol. 

~~ 

these ligands with the glutathione S-transferases is an 
important aspect Of the process (l, 2)' The Only direct data 
pertaining to this possibility indicate the probable role of 

'Present address: Second Department of Internal Medicine, Faculty 
of Medicine, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. 
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bind ligands. Therefore, we undertook to assess the effects 
of GSH on ligand binding while further studying the 
differences in binding properties of the so-called Y, and 
Yb classes of enzymes. 

METHODS 

Chemicals 

All bile acid samples, bilirubin, sulfobromophthalein 
(BSP), 1-anilino-8-naphthalene sulfonate (ANS), reduced 
(GSH) and oxidized (GSSG) glutathione, and dithio- 
threitol (DTT) were purchased from Sigma Chemical Co. 
(St. Louis, MO). The following radioactive materials 
were used: [14C]lithocholic acid (55 mCi/mmol) and 
[ ''C]chenodeoxycholic acid (59.8 mCi/mmol) from Amer- 
sham, Arlington Heights, IL; ["C]cholic acid (52 mCi/ 
mmol), [ 14C]glycocholic acid (52.5 mCi/mmol), [3H]tauro- 
cholic acid (3.8 Cilmmol), and I3H]GSH (1.0 Ci/mmol) 
from New England Nuclear, Boston, MA. 

Purification of GSH S-transferases from rat liver 

GSH S-transferases were purified from male Sprague- 
Dawley rat livers as we previously reported (9). Y fraction 
was obtained by gel filtration of cytosol on Sephadex G75 
superfine and further purified with octyl-GSH affinity 
chromatography and chromatofocusing on polybuffer 
exchanger 118 (Pharmacia). The four major forms of 
GSH S-transferase (Yay,, Yayc, YbYb and YbYd) were 
homogeneous as analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis using 12.5 % gel ac- 
cording to the method of Laemmli (13). According to the 
nomenclature of Jakoby, Ketterer, and Mannervik (14), 
these proteins, respectively, are GSH S-transferase 1-1, 
1-2, 3-3, and 3-4. All proteins were stored at -7OOC for 
no longer than 2 weeks before use in binding studies. Pro- 
tein concentrations were determined by amino acid 
analysis. 

Binding studies 

Binding of lithocholic acid by equilibrium dialysis. Binding of 
lithocholic acid by GSH S-transferases was studied by 
equilibrium dialysis as previously reported (5, 8, 9) at 
4°C. A tracer amount of ['4C]lithocholic acid (1 nCi) with 
various concentrations of the unlabeled lithocholic acid 
(0.2-2 pM) was added to the protein compartment (0.5 

pcM YbY;) in the absence and presence of GSH (0.5 or 
1 mM). The other compartment contained 0.5 ml of 0.01 
M sodium phosphate buffer, pH 7.4. After equilibrium 
was reached (16 hr), radioactivity on both sides of the 
Spectrapor 2 membrane (Spectrum Medical Industries, 
Los Angeles, CA) was determined. In the experiments to 
examine the effects of various substrates on lithocholic 

ml Of  0.79 p M  Yay,, 1.0 p M  Yayc, 9.4 PM YbYb, Or 10 

acid binding, various concentrations of GSH, oxidized 
glutathione (GSSG), dithiothreitol (DTT), sulfobro- 
mophthalein (BSP), or various bile acids were added to 
the mixture of fixed concentrations of [ ''C]lithocholic 
acid and protein and equilibrium dialysis was performed. 
The dialysis cells were gassed with N2; autoxidation of 
GSH under these conditions (4OC for 16 hr) was 
negligible. 

Bindinp .f bile acidc by pow dialysis. Binding studies of 
cholic, glycocholic, taurocholic, and chenodeoxycholic 
acid by GSH S-transferases were performed by flow dialy- 
sis as previously reported (9) at 4OC. A Spectrapor mem- 
brane was placed between the upper and lower chambers. 
For control studies, 0.5 ml of 0.01 M sodium phosphate 
buffer, pH 7.4 containing a tracer amount of respective 
radiolabeled bile acids (0.1 pCi) was placed in the upper 
chamber. The lower chamber was eluted with the same 
buffer (30 ml/hr) and the outflow was collected every 
2 min and radioactivity of each fraction was counted. 
Presence of GSH did not change the transfer rate of 
radioactivity from the upper to the lower chamber in the 
absence of protein. In the experiment with cholic acid, the 
same volume of buffer containing GSH S-transferase and 
labeled cholic acid was placed in the upper chamber. Pro- 
tein concentrations were 52 pM for Yaya, 83 p M  for 
YbYb, and 108 p M  for YbYd. The lower chamber was 
perfused with the same buffer and the outflow was col- 
lected every 2 min. Various amounts of unlabeled cholic 
acid were added stepwise to the upper chamber every 
8 min and the radioactivity of each fraction was counted. 
The experiment with GSH was performed in the same 
way with 3 mM GSH in the buffer of the upper chamber 
and the eluate. Free fraction ( f )  at each bile acid concen- 
tration was calculated from the ratio of the fraction of 
radioactivity transferred with protein and that with buffer 
(9). The free (Cf) and bound (Cb) concentrations of bile 
acids were calculated from f and the total concentrations 
(Cf) of bile acids as previously described (9). In the ex- 
periments that assessed the effect of GSH on the binding 
of bile acids by GSH S-transferases, various amounts of 
GSH (0.1-7 mM) were added stepwise every 8 min to the 
upper chamber with fixed concentrations of labeled and 
unlabeled bile acids and the same protein concentrations 
as above. The lower chamber was eluted with the buffer, 
radioactivity was counted, and Ct, and Cf values were 
calculated. 

Analysis of the binding studies 

Data of bile acid binding with various concentrations of 
bile acids in the absence and presence of GSH were ex- 
pressed as Scatchard plots (15). Number of binding sites 
(n) and Kd values were calculated from the untrans- 
formed data by nonlinear least squares using the follow- 
ing equation: 
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YbYb’ YbYb n(P> * Cf Cb = 
Kd + cf 

where P is protein concentration. Kd values for flow 
dialysis experiments with single concentrations of bile 
acids were directly calculated using the above equation, 
where Cb, cf, and P are known, and n values from ex- 
periments with various concentrations of cholic acid were 
used. 

Inhibition constants (Ki) for various bile acids which 
inhibited the binding of lithocholic acid by Yaya or YbYd 
were calculated by nonlinear least squares method as 
described in our previous report (8). 

Binding of bilirubin by GSH S-transferases 
Binding of bilirubin by Yaya and YbYd were studied 

at room temperature by absorbance difference as previ- 
ously reported (8). To cuvettes containing 2 ml of 0.01 M 
sodium phosphate buffer, pH 7.4, with 1 pM of bilirubin 
and either Yaya (1 pM) or YbYd (2 pM), GSH or 
lithocholic acid was added stepwise and the absorbance 
difference (A472-A405) was monitored. 

RESULTS 

Effect of GSH on lithocholic acid binding by GSH 
S-transferases 

GSH enhanced the binding of 0.1 pM lithocholic acid 
by Yaya  and Yay,, whereas GSH showed little effect at 

a> YaYa b)YaYc 

0 4  20mM a 4 20mM 
CGSHl CGSHl 

0 4  20mM 0 4 20mM 
CGSHI CGSHl 

Fig. 1. Effect of GSH on the binding of lithocholic acid by Yaya  and 
Yay,. Binding studies were performed by equilibrium dialysis with 0.1 
p~ (a,b) or 1.2 PM (c,d) lithocholic acid and 0.79 pM Yay, (a,c) or 
1.0 p~ Yay, (b,d). X-axis represents the initial concentration of GSH in 
the protein compartment. 

0 1 2mM 0 1 2mM 
CGSHl CGSHl 

Fig. 2. Effect of GSH on the binding of lithocholic acid by YbYi, and 
YbYb. Binding studies were performed by equilibrium dialysis with 
4 pM lithocholic acid and 10 p M  YbYb or 9.4 pM YbYb. X-axis 
represents the initial concentration of GSH in the protein compartment. 

1.2 ~ L M  lithocholic acid (Fig. 1). This enhancement of 
binding at a lower concentration of lithocholic acid was 
reproducible in repeated experiments and was not 
affected by the order of addition of GSH, i.e., adding 
GSH first or last (data not shown). In contrast, GSH in- 
hibited the binding of lithocholic acid by YbYb and YbYd 
in a saturable, concentration-dependent manner (Fig. 2). 

Fig. 3 shows Scatchard plots of binding of lithocholic 
acid by GSH S-transferases in the absence and presence 
of 0.5 or 1 mM GSH. Lithocholic acid binding by YaYa 
or Yayc was not affected by 1 mM GSH with the exception 
that the binding was enhanced at lower concentrations of 
lithocholic acid, consistent with the findings in Fig. 1. 
GSH competitively inhibited the binding of lithocholic 
acid by YbYb or YbYd. Thus, GSH lowered the affinity 
but not the capacity to bind lithocholic acid. 

Although GSH enhanced the binding of lithocholic 
acid (0.2 p ~ )  by Yaya, GSSG and DTT had no effect on 
binding (Fig. 4). Both GSH and GSSG inhibited the 
binding of lithocholic acid by YbYd whereas DTT had no 
effect on the binding. 

Effect of GSH on binding of various other bile acids by 
GSH S-transferases 

GSH inhibited the binding of cholic acid by Yaya, 
YbYb, and YbYd in a saturable, concentration-dependent 
fashion (not shown). Similar to Fig. 2 with lithocholic 
acid, maximum inhibition with GSH (up to 10 mM) was - 50%. Nearly identical inhibition by GSH of glycocholic 
and taurocholic acid binding to Yaya and YbYd was ob- 
served (not shown). Fig. 5 shows the binding of cholic 
acid by GSH S-transferases in the absence and presence 
of 3 mM GSH. GSH competitively inhibited the binding 
of cholic acid by all isozymes. GSH lowered the affinity 
but not the capacity to bind cholic acid. 

The effect of GSH on the binding of chenodeoxycholic 
acid (not shown) by GSH S-transferases was nearly iden- 
tical to that of lithocholic acid, as was seen in Figs. 1 and 
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0 0.5 1 0 1 2 

r r 

YbYb'  

0.2 

0 1 2 0 1 2 

r(mol/mol) r(mol/mol) 

Fig. 3. Scatchard plots showing the effect of GSH on the binding of 
lithocholic acid by rat GSH S-transferases. Binding studies were per- 
formed by equilibrium dialysis with isozymes (1 p~ Yay, ,  0.79 PM 
Yay, ,  9 4 p~ YbYb and 10 p~ YbYb) in the absence (0) or presence 
(0) of GSH (1 mM for experiments with Yay,  or Yay, ,  and 0.5 mM for 
experiments with YbYb or YbYb); r, mol bound lithocholic ac idhol  
protein and Cr, unbound lithocholic acid concentration. Calculated 
parameters were Kd = 0.49 p M ,  n = 0.88 (n refers to binding stoichi- 
ometry, molehole) for Yay, without GSH; Kd = 0.19 p M ,  n = 1.73 for 
Y a y a  without GSH; K d  = 3.5 PM,  n = 2.16 for YbYb without GSH; 
Kd 8.1 p M ,  n = 2.24 for YbYb with GSH; Kd = 3.9 p M ,  n = 2.27 
for YbYb without GSH; and Kd = 10 p M ,  n = 2.29 for YbY'b with 
GSH. The standard deviations of the parameters computed from the fits 
were within 20% of the mean values. The open circles on the upper 
panels were not fit due to enhanced binding at low concentrations of 
lithocholic acid in the presence of GSH. 

2. GSH exhibited no effect on the binding of chenodeoxy- 
cholic acid by Yay, whereas GSH inhibited the binding 
of chenodeoxycholic acid by YbYd in a saturable, con- 
centration-dependent fashion. As was the case with litho- 
cholic acid binding by YhYd, the inhibition by GSH was 
competitive and maximal inhibition was - 50%. 

Table 1 summarizes the dissociation constants for 
binding of bile acids by GSH S-transferases. All data were 
in good agreement with our previous report, as listed in 
parentheses (9). 

Binding of bilirubin and BSP by transferase YbYd 

shown). This contrasts with our previous report showing 
that lithocholic acid and bilirubin compete for binding by 
Y, subunits (8). In addition, BSP did not inhibit the 
binding of lithocholic acid by YhY; (not shown). 

Competitive displacement of lithocholic acid from 
GSH S-transferases by various bile acids 

Fig. 7 shows the effects of various bile acids on the 
binding of lithocholic acid by Yay, and YhYd. Amino 
acid conjugates of lithocholic acid and chenodeoxycholic 
acid and its glycine and taurine conjugates inhibited the 
binding of lithocholic acid by Yay,. Cholic acid and its 
conjugates had some effects on binding but only at very 
high concentrations, an order of magnitude above their 
Kd values (see Table 1). Therefore, these effects are prob- 
ably nonspecific. Chenodeoxycholic and cholic acid and 
their amino acid conjugates inhibited the binding of 
lithocholic acid by YhYd. Calculated inhibition constants 
(Ki) for bile acids from the data of Fig. 7 are listed in 
Table 2. These K, values are in reasonable agreement 
with Kd values in Table 1 or our previously reported data 
(5, 9). 

DISCUSSION 

We previously characterized the binding of bile acids by 
the Y, versus Yb class of GSH S-transferases (8, 9). The 
Y, subunit exhibited a high affinity site shared by litho- 
cholic acid, bilirubin, and BSP, but not cholic acid (8, 9). 
Yay, exhibited two, and Yay, one high affinity site (9), 
indicating that each Y, subunit contained a site whereas 
the Y, subunit apparently did not. The Yb class of en- 
zymes bound lithocholic acid (9), bilirubin, and BSP (6) 
with lower affinity than the Y, subunit, and each subunit 
of the dimeric proteins exhibited a binding site (9). Cholic 
acid was bound with comparable affinity by the Y, and 

YaYa 
30 7 

YbYb' 

DTT 

10 GSH 
GSSG 

The effect of GSH on the binding of bilirubin by Yaya 0 1  4mM 0 1  4mM 

and YhYd was examined by its effect on the difference - -  
spectra of bound bilirubin (Fig. 6). GSH did not inhibit 
the binding of bilirubin by Yay, whereas GSH inhibited 
the binding of bilirubin by YhYd. Lithocholic acid had 

Fig. 4. Effect of GSH, GSSG, and dithiothreitol (DTT) on the binding 
of lithocholic acid by Yay,  or YbYb. Binding studies were performed by 
equilibrium dialysis with 0.2 p~ lithocholic acid and 0.79 fiM Yay,; or 
4 uM lithocholic acid and 10 y~ YbYb. X-axis represents initial concen- - 

no effect on the binding of bilirubin by YbYd (not trations in the protein compartment 

282 Journal of Lipid Research Volume 29, 1988 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


YaYa 

Y ;:h, 
9 0.02 
L 

0 
0 1 2 

'.151 YbYb 

1 2 

r(moi/mol) r(moi/mol) r(mol/moi) 

Fig. 5.  Scatchard plots showing the effect of GSH on the binding of cholic acid by GSH S-transferases. Binding 
studies were performed by flow dialysis with 52 p M  Yay,, 83 pM YbYb, or 108 p M  YbYb in the absence (0) and 
presence (0) of 3 mM GSH. Calculated parameters for cholic acid binding were Kd = 27 pM,  n = 1.62 for Yaya 
without GSH; Kd = 47 PM, n = 1.62 for Yay, with GSH; & = 11 p M ,  n = 1.66 for YbYb without GSH; Kd = 25 

YbYb with GSH. The standard deviations of the parameters computed from the fits were within 20% of the mean 
CM, n = 1.64 for YbYb with GSH; Kd = 13 p M ,  n = 1.71 for YbYb without GSH; and Kd = 26 pM, n = 1.64 for 

values 

Yb classes (9). We previously found that GSH inhibited 
the binding of cholic acid to both Y,- and Yb-containing 
proteins (9). In contrast, GSH had no effect on lithocholic 
acid binding to the Y, subunit but inhibited its binding 
to the Y{ subunit (9). However, we did not examine the 
concentration dependence of the effect of GSH or the type 
of inhibition. Our previous suggestion that GSH in- 
hibited cholic acid binding to a greater extent with Y,- 
than Yb-containing proteins was not confirmed in the 
present studies. The previous studies of the effect of GSH 
were preliminary and used transferases stored for more 
than 1 year. We have now repeated and extended this 
work with freshly prepared proteins. 

In the present studies of the effects of GSH, we have 
found different effects of GSH on the bile acid and organic 
anion binding sites on the Y, and Yb subunits. These 
differences in effects of GSH further identify the nature of 
the binding sites on the Y, and Yb classes of GSH. GSH 
had little effect on the binding of lithocholic acid by Y, 
subunits at near-saturating concentrations of ligand 
(1 pM)  but markedly enhanced the binding of lithocholic 
acid at concentrations near its Kd (0.1 pM). We missed 
this finding in our previous work because of the high con- 
centration of lithocholic acid previously employed. This 
enhancement of binding was not exhibited in the presence 
of GSSG or DTT. The mechanism for this enhanced 
binding is not certain. We speculate that the enhanced 
binding of lithocholic acid at low concentration in the 
presence of GSH insures sequestration of this potentially 
toxic bile acid. Inhibition of cholic acid binding to the Y, 
subunit was observed in the presence of increasing con- 
centrations of GSH. Thus, opposite effects of GSH on the 
binding of lithocholic acid and cholic acid by the Y, 
subunit were observed. Taken together with our previous 

finding that cholic acid does not compete with lithocholic 
acid binding (5), the present findings add further support 
for distinct binding sites on the Y, subunit for these two 
bile acids. 

Chenodeoxycholic acid and its conjugates, although 
binding to the Y, subunit with lower affinity than litho- 
cholic acid, appeared to share the lithocholic acid site 
rather than the cholic acid site. Thus, chenodeoxycholic 
acid displaced lithocholic acid and its binding by Y,- 
containing transferases was not inhibited by GSH. We 
have previously shown that bilirubin and BSP share the 
same high affinity site which binds lithocholic acid on the 
Y, subunit (8). In the present work, we have shown that 

TABLE 1. Dissociation constants (pM) for bile acid binding by 
GSH S-transferases 

Lithocholic acid 0.19" 0.49" 3.5" 3.9" 
(0.15') (0.17') (4.6') (3.9') 

Chenodeoxycholic acid 7.7' - - a.3' 
(8.gd) 

Cholic acid 2 7" - 13" 11" 

(27') (246) 
Glycocholic acid 16* - 19 

(79') 
- 

(46') 

- - 41' - Taurocholic acid 

Dashes indicate not determined. The standard deviations of the fitted 

"From Scatchard plots of data obtained by equilibrium or flow dialy- 

*From flow dialysis with single concentrations of ligand calculated as 

'Values from our previous report (9) obtained by flow dialysis at room 

dValues from our previous report (9) obtained by l-anilino-8- 

parameters were all within 10% of the mean values listed. 

sis analyzed as described in Methods. 

described in Methods. 

temperature. 

naphthalenesulfonate displacement at room temperature. 
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-Z 50 

YbYb' 

0 0.5 I m M  0 0.5 I m M  

CGSHl CGSHl 
Fig. 6. Effect of GSH on the binding of bilirubin by Yay, and YbY d . 
Binding of bilirubin was studied by absorbance difference as described 
in the text with fixed concentrations of bilirubin (1 p ~ )  and protein 
(1 p~ Yay, or 2 p~ YbYd ). 

GSH does not affect bilirubin binding to this site as is the 
case with lithocholic acid. 

The binding of lithocholic, chenodeoxycholic, and 
cholic acids by the Yb subunit was inhibited by GSH. In 
addition, chenodeoxycholic acid, cholic acid, and their 
amidates displaced lithocholic acid from the Yb subunit. 
Thus, all the bile acids appeared to share the same site on 
the Yb subunit. Bilirubin binding by the Yb subunit was 
inhibited in the presence of GSH. In the case of the Yb 
subunit, BSP did not displace lithocholic acid and litho- 
cholic acid did not inhibit bilirubin binding. Thus, 

1 
% 
00 

50 

- YaYa 

L 
G-CA 

I G-LC 

organic anions (bilirubin and BSP) and bile acids appear 
to bind to two distinct sites on the Yb subunit. We previ- 
ously reported that the organic anion site on the Yi, 
subunit does not exhibit binding of the high affinity type 
seen with the Y, subunit (6) and we now report that the 
organic anion site on the Yb subunit does not bind 
lithocholic acid. 

On  the basis of this and our previous publications (8, 
9), the subunits of the Y, and Yb class of transferases 
have markedly different binding properties which can be 
summarized as follows (see Fig. 8): 1) Y ,  subunit: each 
subunit exhibits a common binding site for lithocholic 
acid, chenodeoxycholic acid, their amidates, bilirubin, 
and BSP and GSH does not inhibit this site; each Y ,  
subunit exhibits a different site for cholic acid and its con- 
jugates and this site is inhibited by GSH. 2) Yb subunit: 
each Yb or Yd subunit exhibits a common bile acid site 
which is inhibited by GSH and a distinct common organic 
anion site which also is inhibited by GSH. The precise 
mechanism by which GSH (or GSSG) inhibits binding is 
uncertain. From the titration experiments with varying 
concentrations of GSH, inhibition by GSH is saturable 
and exhibits an ICso for GSH in the 0.1-0.5 mM range. 
The K ,  for GSH is 0.1-0.2 mM so that the inhibition by 
GSH parallels the binding affinity for GSH (2). The in- 
hibition being dependent on GSH binding is further sup- 
ported by the similar effect of GSSG which is known to 
competitively inhibit GSH binding (2). When GSH in- 
hibited binding, the effect was apparently competitive 
with both Y ,  and Yb subunits, regardless of the bile acid. 
Three possibilities should be considered to explain the 

0 ,  1 I I 
0 100 200 400wM 

[BILE ACID1 [BILE ACID] 

Fig. 7. Effect of various bile acids on the binding of lithocholic acid by Yay, and YbYb. Binding studies were 
performed by equilibrium dialysis with fixed concentrations of lithocholic acid and protein: 0.16-0.22 @M litho- 
cholic acid and 0.79 PM Yay,, or 4 PM lithocholic acid and 10 p~ YbYb. G-LC, glycolithocholic acid (V); T-LC, 
taurolithocholic acid (V); CDC, chenodeoxycholic acid (a); G-CDC, glycochenodeoxycholic acid (A); T-CDC, 
taurochenodeoxycholic acid (m); CA, cholic acid (0); G-CA, glycocholic acid (A); T-CA, taurocholic acid (0). 
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TABLE 2.  Inhibition constants (K,) for bile acids determined from 

Yay, and YbYd using equilibrium dialysis 
inhibition of the binding of radiolabeled lithocholic acid by 

Ki 

Bile Acid 

Glycolithocholic acid 
Taurolithocholic acid 

Chenodeoxycholic acid 
Glycochenodeoxycholic acid 
Taurochenodeoxycholic acid 

FM 

3.9 n.d. 
4.5 n.d. 

33 7 .7  
37 11  
n.d. 11 

Cholic acid 13 
Glycocholic acid 25 
Taurocholic acid 28 

K, values were calculated by the competitive inhibition model 
described in a previous report (8). The standard deviations of the fitted 
parameters were all within 10% of the mean values listed; n.d., not 
determined. See legend to Fig. 7 for further details. 

*Nonspecific effects. 

mechanism of inhibition. u )  Bile acids might bind to the 
GSH substrate site. This is unlikely because bile acids are 
not pure competitive inhibitors of the enzyme activity of 
the GSH S-transferases with respect to GSH ( 5 ,  7, 9, 16). 
Moreover, in all cases maximum inhibition by GSH does 
not completely displace bile acids from the proteins. 6) 
GSH might bind to a secondary site distinct from the 
GSH substrate site and this site might be shared with 
other ligands. This is unlikely because the inhibitory 
potency of GSH parallels its binding affinity for the GSH 
substrate site. Since GSH does not completely displace 
ligands, it is unlikely that GSH and ligands compete for 

Ya -SUBUNIT 

the same site. c) The binding of GSH to its substrate site 
may result in a conformational change in the protein 
which leads to an alteration in the affinity of a structurally 
distinct ligand-binding site, Le., an allosteric inhibitory 
effect. The apparent requirement for GSH binding to its 
substrate site to cause inhibition favors this possibility. 
The fact that GSH inhibits the binding of bilirubin and 
bile acids to two distinct sites on the Yb subunit also 
favors this interpretation. 

The hypothesis that the binding of GSH to the GSH 
S-transferases induces a conformational change which 
lowers the affinity of the low affinity ligand binding site is 
consistent with the previous findings of Vander Jagt et al. 
(17). They observed that the presence of GSH forces the 
transferases to adopt different conformations upon addi- 
tion of bilirubin that retain their transferase activity. 

Regardless of the mechanisms involved, the binding 
properties and physiologic role of the GSH S-transferases 
as ligandins must be viewed in relation to the effects of 
GSH on binding. GSH enhances or has no effect on the 
high affinity binding site on the Y, subunit but inhibits 
the cholic acid binding site on the Y, and both the bile 
acid and organic anion binding sites on the Yb class of 
subunits. Under physiologic conditions, the GSH concen- 
tration is in the millimolar range and, therefore, the 
transferases are completely saturated with GSH. Conse- 
quently, the binding of bile acids and organic anions by 
the Yb class of transferases will be inhibited, thereby 
leaving the high affinity site of the Y, class of GSH 
S-transferases selectively available for binding of litho- 
cholic acid, chenodeoxycholic acid, their amidates, and 
bilirubin. Thus, the differences in the effects of GSH on 
the binding properties of the two classes of transferases 

Yh ~ SUBUNIT 

I H C  AHHOW IIETWEEN ( i S H  SITE ANO OTHEH SlTtS INOlCATtS ALLOSIEHIC INHI I~ IT IW 

Fig. 8. Comparison of the binding properties of the subunits of the hepatic GSH S-transferases from the rat. The 
Y, and Yb subunits are schematically represented; the properties of the Y6 subunit would be the same as Yb. Each 
subunit exhibits two non-substrate binding sites with different specificities. The Y, subunit exhibits a high affinity 
site which is shared by lithocholic, chenodeoxycholic acids, their amino acid conjugates (not listed), bilirubin and 
BSP. This site is not influenced by GSH. The Y, subunit exhibits a separate site for unconjugated and conjugated 
cholic acid which is inhibited (arrow) when GSH binds to its site. The Y b  subunit exhibits a common site for all 
bile acids and a separate site for bilirubin and BSP. The former binds lithocholic acid with low affinity and the latter 
binds organic anions with low affinity. Both non-substrate sites are inhibited when GSH binds to its site (arrows). 
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may largely determine the interaction of bile acids with 
these proteins. The precise physiological purpose of 
preferential binding of mono- and dihydroxy bile acids by 
a high affinity site on the Y, subunits of the GSH 
S-transferases is unknown. However, the selectivity for 
mono- and dihydroxy bile acids as compared to tri- 
hydroxy bile acids suggests that binding of the former two 
may be important in detoxification by minimizing con- 
centrations of their free forms in the cell. I 

The assistance of Ms. Anita Starlight in typing the manuscript 
and the helpful discussions with Yuichi Sugiyama, Ph.D., are 
gratefully acknowledged. This work was supported by VA Medi- 
cal Research Funds and NIH grant AM 30312. 
Manuscript received 26 January 1987, in revised form 20 May 1987, and in 
re-reused form 23 July 1987. 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

Kaplowitz, N. 1980. The physiologic significance of gluta- 
thione S-transferases. Am. J Physiol. 239: 439-444. 
Ketley, J. N., W. H. Habig, and W. B. Jakoby. 1975. Bind- 
ing of nonsubstrate ligands to the glutathione S-trans- 
ferases. J Biol. Chem. 250: 8670-8673. 
Wolkoff, A. W., C. A. Goresky, J. Sellin, Z. Gatmaitan, and 
I. M. Arias. 1979. Role of ligandin in transfer of bilirubin 
from plasma into liver. Am. J. Physiol. 236: E638-648. 
Tipping, E., B. Ketterer, L. Christodoulides, and G. En- 
derby. 1976. The non-covalent binding of small molecules 
by ligandin. Eul: J Biochem. 67: 583-590. 
Sugiyama, Y., T. Yamada, and N. Kaplowitz. 1983. Newly 
identified bile acid binders in rat liver cytosol: purification 
and comparison with glutathione S-transferases. J Biol. 
Chem. 258: 3602-3607. 

6. Sugiyama, Y., M. Sugimoto, A. Stolz, and N. Kaplowitz. 
1984. Comparison of the binding affinities of five forms of 
rat glutathione S-transferases for bilirubin, sulfobromoph- 
thalein and hematin. Biochem. Pharmacol. 33: 3511-3513. 
Hayes, J. D., and J. Chalmers. 1983. Bile acid inhibition of 
basic and neutral glutathione S-transferases in rat liver. Bio- 
chem. J 215: 581-588. 
Sugiyama, Y., A. Stolz, M. Sugimoto, and N. Kaplowitz. 
1984. Evidence for a common high affinity binding site on 
glutathione S-transferase B for lithocholic acid and 
bilirubin., J. Lipid Res. 25: 1177-1183. 

9. Takikawa, H., Sugiyama, Y., and N. Kaplowitz. 1986. 
Binding of bile acids by glutathione S-transferases from rat 
liver. J. Lipid Res. 27: 955-966. 

10. Boyer, T. D., D. A. Vessey, C. Holcomb, and N. Saley. 1984. 
Studies of the relationship between the catalytic activity 
and binding of non-substrate ligands by the glutathione S- 
transferases. Biochem. J 217: 179-185. 

11. Kamisaka, K., I. Listowsky, Z. Gatmaitan, and I .  M. 
Arias. 1975. Interaction of bilirubin and other ligands with 
ligandin. Biochemistry. 14: 2175-2180. 

12. Boyer, T. D., W. C. Kenny, and D. Zakim. 1983. Structural, 
functional and hybridization studies of the glutathione S- 
transferases of rat liver. Biochem. Pharmacol. 32: 1843-1850. 

13. Laemmli, U. K. 1970. Cleavage of structural proteins 
during the assembly of the head of bacteriophage T4. 
Nature. 227: 680-685. 

14. Jakoby, W. B., B. Ketterer, and B. Mannervik. 1984. 
Glutathione transferase: nomenclature. Biochem. Pharmacol. 
33: 2539-2540. 

15. Scatchard, G. 1949. The attractions of proteins for small 
molecules and ions. Ann. N Y  Acad. Sci. 51: 660-672. 

16. Vessey, D. A,, and D. Zakim. 1981. Inhibition of glutathione 
S-transferase by bile acids. Biochem. J 197: 321-325. 

17. Vander Jagt, D. L., S. P. Wilson, V. L. Dean, and P. C. 
Simons. 1982. Bilirubin binding to rat liver ligandins 
(glutathione S-transferases A and B): relationship between 
bilirubin binding and transferase activity. J Biol. Chem. 

7. 

8. 

257: 1997-2001. 

286 Journal of Lipid Research Volume 29, 1988 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

