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Abstract Binding of lithocholic acid, bilirubin, and gossypol 
to glutathione Stransferase B (ligandin or transferase Yay,) 
was compared using four methods. Tryptophan quenching 
revealed a single high affinity site for bilirubin and gossypol 
but could not be used for lithocholic acid. Both displacement 
of the fluorescent probe, l-anilino-8-naphthalenesulfonate, and 
spectral changes induced by bilirubin binding demonstrated a 
common high affinity site for which all three ligands compete. 
Similar results were obtained by equilibrium dialysis. The 
dissociation constants for the binding of both bilirubin and 
lithocholic acid were comparable with the various methods 
(range 0.2-0.7 ~M).M Thus, lithocholic acid and bilirubin 
share a high affinity binding site on gluthathione S-transferase 
B that appears to be separate from the binding site for 
substrates.-Sugiyama, Y., A. Stolz, M. Sugimoto, and N. 
Kaplowitz. Evidence for a common high affinity binding site 
on glutathione S-transferase B for lithocholic acid and bilirubin. 
J.  Lipid. Res. 1984. 25: 1177-1183. 
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Hepatic cytoplasmic proteins such as ligandin may 
have a physiologic role in intracellular transport of bile 
acids or may simply minimize potentially toxic free 
concentrations of bile acids in the cell. Ligandin, first 
identified as a bilirubin and sulfobromophthalein-binding 
protein (l), is also recognized as a glutathione S-trans- 
ferase (2, 3). Some confusion and controversy exists as 
to which glutathione S-transferase should be designated 
as ligandin. Two rat enzymes, transferase "X" (subunit 
Yaya) (4) and transferase B (subunit Yayc) (5) are the 
principal candidates by virtue of their high affinity 
organic anion binding compared to other transferases 
having Yb or Yd subunits (6). In fact, a special or distinct 
high affinity binding site for bilirubin has been charac- 
terized on the Y, subunit (5,7), whereas most transferases 
also have a low affinity site (5, 7). 

Bile acids, such as lithocholic acid, have been shown 
to bind to various transferases (4). This has been dem- 
onstrated by inhibition of enzyme activity (8, 9) and by 

direct binding studies (1 0). Since multiple binding sites 
exist on ligandin (6, 7), we examined whether a bile 
acid, namely lithocholic acid, binds to the same site as 
bilirubin or its analogue, gossypol (1 1). For the purposes 
of these studies we used a purified preparation of rat 
glutathione Stransferase B (Yayc), and compared binding 
using various techniques. 

METHODS 

Purification of ligandin 
Ligandin (glutathione Stransferase B) was purified 

from rat liver cytosol according to Habig, Pabst, and 
Jakoby (1 2) and found in SDS-PAGE to be homogeneous 
showing the subunit composition Yayc. Despite the 
confusion in nomenclature, transferase B is widely ac- 
cepted as one form of ligandin. We will use these two 
designations interchangeably. 

Binding studies: ANS fluorescence 
inhibition technique 

Inhibition of the binding of 1 -anilino-8-naphthalene- 
sulfonate (ANS) to ligandin by bilirubin or gossypol was 
determined by following the decrease in the fluorescence 
of ANS. To cuvettes containing 2 ml of mixtures of 
0.29 PM ligandin, 12.5 PM ANS, and 0.01 M sodium 
phosphate buffer, pH 7.4 (standard buffer), was added 
a maximum of 10 PI of the inhibitor in 1-2 PI aliquots. 
The solution was mixed after each addition and the 
fluorescence was measured at 480 nm during excitation 
at 400 nm (at room temperature). When necessary, the 
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fluorescence intensities were corrected for inner filter 
effect by the method of Chignell (13). The calculation 
of inhibition constants was as described previously (14) 
and is outlined in the Appendix. 

T o  determine the type of inhibition, experiments 
were performed as follows. To cuvettes containing 2 ml 
of standard buffer and ligandin (0.29 p ~ )  in the absence 
or presence of inhibitors, various amounts of ANS (up 
to 28 p1 from a 5 mM stock solution) were added and 
fluorescence was determined as described above. The 
apparent dissociation constant (LPp) was calculated 
from the Scatchard plots (15, 16) i.e., change in fluo- 
rescence (AF)/ANS concentration against AF. 

Binding studies: quenching of 
tryptophan fluorescence 

The decrease in intrinsic tryptophan fluorescence of 
ligandin after addition of bilirubin or gossypol was 
determined at 330 nm during excitation at 280 nm. To 
cuvettes containing 2 ml of ligandin (0.055 pM) in 
standard buffer, was added a maximum of 10 pl of 
stock solution of ligands in 1-2 p1 aliquots (final concen- 
tration 0.25-3.0 p ~ ) .  When necessary, the fluorescence 
intensities were corrected for inner-filter effect by the 
method of Chignell(l3). The stock solutions of bilirubin 
(0.5 mM) were freshly prepared in 0.01 M NaOH. The 
analysis of the quenching data was performed according 
to the method of Chignell (1 3). 

Binding studies: difference spectra 
The binding of bilirubin was determined by a spec- 

trophotometric method, which was slightly modified 
from the method of Tipping et al. (1 7). The difference 
spectrum between bound and unbound bilirubin showed 
a positive peak at 472 nm and a negative peak at 405 
nm. Titrations were carried out by adding equal volumes 
of stock solutions of bilirubin to both sample and ref- 
erence cuvettes; the former contained a protein solution 
in standard buffer (2.5 ml), the latter an equal volume 
of buffer. The concentration of bound bilirubin (cb) 

was obtained from the following equation: Cb = (A472 
- A405)/(E472 - E405) where A472 and A405 are the ab- 
sorbance differences (absorbance of total mixture of 
bilirubin and protein - absorbance of bilirubin alone) 
at 472 nm and 405 nm, respectively, and E47* and E405 

are the differences in molar extinction coefficients of 
bound bilirubin and unbound bilirubin at 472 nm and 
405 nm, respectively. The data were analyzed as dis- 
cussed in the Appendix or in the form of Scatchard 
plots (1 5, 16). 

Binding studies: equilibrium dialysis 
Binding of lithocholic acid was measured by equilib- 

rium dialysis at 4OC. A tracer amount of ['4C]lithocholic 

acid (0.005 pCi) (59 pCi/pmol, New England Nuclear) 
with various concentrations of unlabeled lithocholic acid 
(0.4 to 6 pM) was added to the protein compartment 
(ligandin concentration, 1.9 pM). After equilibrium was 
reached (40 hr), radioactivity on both sides of the 
membrane (Spectrapor membrane 12- 14,000 dalton 
exclusion, Spectrum Medical Industries, Los Angeles, 
CA) was determined and expressed as C&r, where Cb 
is the bound concentration determined by subtracting 
the free concentration (C,) in the protein-free side from 
the total concentration in the protein-containing side. 
The data were analyzed by the Scatchard method. 

When the inhibition of the binding of lithocholic acid 
to ligandin by gossypol was measured, different concen- 
trations of gossypol (5.7 to 43 PM) were initially added 
to the protein compartment. After 40 hr, the concen- 
trations of gossypol on both sides of the dialysis chamber 
were determined from Asg0 (maximum absorbance of 
gossypol). The inhibition constant (Ki) was calculated 
according to the method of Sugiyama et al. (14) as 
outlined in the Appendix. 

RESULTS AND DISCUSSION 

Using the ANS technique, various concentrations of 
bilirubin and gossypol were found to inhibit the fluores- 
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Fig. 1. Inhibition of the binding of ANS (intensity of fluorescence) 
by various concentrations of bilirubin (0) or gossypol (0). Concen- 
trations of ANS and transferase B were fixed at 12.5 pM and 0.29 
PM, respectively. Y axis represents percent of intensity of fluorescence 
with 100% representing that of bound ANS in the absence of 
inhibitors. The lines are theoretical curves calculated as described in 
the Appendix, based on competitive inhibition of the binding of 
ANS to ligandin. The binding parameters used in this calculation 
were Kd (dissociation constant for ANS) = 37 p~ (from Fig. 2), and 
n (number of binding sites) = 1 .  Dissociation constants for inhibitors 
(K,  = 1.0 PM ( 1 )  and 0.4 PM (2)) were found to give best fits of the 
data. 
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TABLE 1 .  Dissociation constants (pM) for the binding of bilirubin, gossypol, and lithocholic acid to ligandin using various techniques 

Bilirubin Lithocholic Acid 

Prescnt Published - Y P l  Present Published 

Direct methods 
[ ''C]Lithocholic equilibrium dialysis 

Bilirubin difference spectrum 0.3 1 0.14 (18)b 
(n = 1.2) 1.0 (18) 

Tryptophan quenching 

Inhibitory methods 
ANS method 

0.32 
(n = 0.93)" 

O.6lr 0.68 (20) 1.10 NCd 
(n = 0.68) 2.0 (21) (n = 0.99) 

0.15 (UP)' 

0.4 1 .o 0.7 0.3 (10) 

Bilirubin difference spectrum 0.22 

[ ''C]Lithocholic equilibrium dialysis 5.5 

e Number of binding sites per molecule of protein. 
Reference number in parentheses. 
Unpublished work of Sugiyama and Kaplowitz with glutathione S-transferase B prepared according to Mannervik and Jensson (22). 
No change in fluorescence. 

cence of ANS in a concentrationdependent fashion 
(Fig. 1). Lithocholic acid also inhibited the binding of 
ANS (not shown), as we have previously described (10). 
Assuming that this inhibition was competitive, the Ki 
values for all three inhibitors were comparable (Table 
1). The competitive nature of the inhibition of the 
binding of ANS by lithocholic acid, bilirubin, and gos- 
sypol was demonstrated in experiments where the con- 
centrations of ANS were varied in the presence and 
absence of the inhibitors (Fig. 2). All the inhibitors 

Y O.01M hP0, (pH7.4) 
RoouTEW€RANRE CONDITONS 4 

3 4  

0 50 160 150 

AF 

Fig. 2. Scatchard plot of the binding of ANS to ligandin in the 
absence (1)  and presence of 0.5 #M lithocholic acid (2), 0.5 pM 
bilirubin (S), and 1.5 pM gossypol (4). The concentration of ANS 
was varied from 5 to 70 PM while concentrations of inhibitors and 
ligandin (0.29 PM) were held constant. The binding of ANS was 
determined by the change of fluorescence (AF) as described in the 
text. 

increased KdANs without affecting the maximum Auores- 
cence change, suggesting competition by all three ligands 
for a binding site for ANS on ligandin. 

A second approach was to study the binding of 
bilirubin directly by a spectrophotometric technique and 
then assess the effect of lithocholic acid on binding of 
bilirubin. The binding of bilirubin to ligandin is assa- 
ciated with a red shift in its absorption maximum and a 
large difference-spectrum, as first reported by Tipping 
et al. (17). Lithocholic acid inhibited the binding of 
bilirubin in a concentrationdependent fashion (Fig. 3). 
Support for the competitive nature of this interaction 
was obtained by comparing the binding spectra of bili- 
rubin at various concentrations of bilirubin in the pres- 
ence and absence of lithocholic acid (Fig. 4). The Ki for 
bilirubin and the Ki for lithocholic acid derived from 
these data (Table 1) agree with the findings using the 
ANS technique. Again, the results suggest competition 
for the same binding site on the protein. 

A third approach was to directly assess the binding 
of lithocholic acid by equilibrium dialysis and to examine 
the effects of bilirubin and gossypol on this binding. 
With this technique a single high affnity binding site 
for lithocholic acid was demonstrated (Fig. 5) and the 
Kd value for lithocholic acid was in close agreement 
with that observed with the above two indirect techniques 
(Table 1). Attempts to study the effects of bilirubin on 
the binding of lithocholic acid to ligandin in this system 
were hampered by nonspecific absorption of bilirubin 
to the dialysis membrane and dialysis cells. Consequently, 
an analogue of bilirubin, gossypol (1 l), was used for the 
inhibitory experiment and the results are shown in Fig. 
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CONDITION 

- 
IN 0.OlM NaPO, IpH7.4) 

(LIQANDIN)= 1.BpM 
(BILIRUBIN)=1.7pM 

ROOM TEMPERATURE 

- SPECTROPHOTOMETRIC METHOD 

I 
I I 1 1 r 
2 4 e 6 10 

L lWOWWC ACID (HI 
Fig. 3. Inhibition of the binding of bilirubin to ligandin by various concentrations of lithocholic acid. 
Concentrations of bilirubin and ligandin were fixed at 1.7 p~ and 1.9 PM, respectively. Y axis represents the 
absorbance difference at 472 nm and 405 nm (AA = A1,P-AIOI). The line is a theoretical curve calculated as 
described in the Appendix, based on the assumption that lithocholic acid competitively inhibits bilirubin 
binding to ligandin. The binding parameters used in this calculation were K d  (for bilirubin) = 0.31 PM, (from 
Fig. 4) and n (for bilirubin) = 1.2. Ki (for lithocholic acid) = 0.22 /.tM was found to give best fit of the data. 

6. Gossypol also sticks to membrane and dialysis cells to 
some extent and therefore quantitative interpretation 
of this experiment is difficult. However, the results 
shown in Fig. 6 clearly indicate that gossypol does inhibit 
the binding of lithocholic acid to ligandin. The binding 
of gossypol to ligandin was independently confirmed by 
the quenching of tryptophan fluorescence. Both gossypol 
and bilirubin exhibited a single high affinity site (data 

not shown) and ligandin had comparable affinity for 
both ligands (Table 1). As previously reported, lithocholic 
acid did not quench the intrinsic fluorescence of the 
protein, presumably being unable to affect the energy 
transfer. 

Previous quantitative studies of the binding of bile 
acids using purified ligandin have only been reported 
by Tipping et al. (18) and our laboratory (10). The 

CONDITIONS 

1.8PECTI)OHIOTOYLTYC YLTHOD 
~A~B0uIIM472-405~30.016~pM~ 

2. LMAWDffl=l.B~ 

S. ROOM TLYCIIIATUI)E (26-26OC) 

4. IN 0.01M N8P04(pH7.4) 

r (mol/mol) 

Fig. 4. Scatchard plot of the binding of bilirubin to ligandin in the absence (1) and presence (2) of lithocholic 
acid. The concentration of bilirubin was varied from 2 pM to 7.5 p ~ ,  while concentrations of lithocholic acid 
(5  p ~ )  and ligandin (1.9 PM) were held constant. The binding of bilirubin was determined by the difference 
of absorbance as described in the text. 
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former group assumed competitive displacement of 
[3H]estrone sulfate and were able to only approximate 
the binding of chenodeoxycholate and deoxycholate 
(Kd10-4 to 1 0 - 5 ~ ) .  We previously demonstrated that a 
variety of bile acids competitively inhibit the binding of 
ANS to transferase B (1 0). Kamisaka et al. (19) attempted 
to study lithocholic acid as an inhibitor of the binding 
of bilirubin using circular dichroism but obtained anom- 
alous spectral shifts which led them to conclude that the 
binding of bile acids may not be competitive (same site) 
with bilirubin. Other laboratories have studied the bind- 
ing of bile acids indirectly by inhibition of enzyme 
activity (8, 9). However, kinetics are complex, rarely 
competitive, and the concentrations required to produce 
50% inhibition of enzyme activity are considerably higher 
than K., values determined by direct binding studies 
(1 0). These findings suggest that the substrate binding 
site differs from the bile acid high affinity site. Moreover, 
a distinct high affinity binding site for bilirubin has been 
determined on ligandin (6, '7). Thus our demonstration 

i I 

1 0.5 

r (mol/mol) 
u . I  

Fig. 5. Scatchard DlOt for the binding of lithocholic acid to ligandin. of the commtitive interaction of lithocholic acid and 
BiEding was measuied by equilibriu; dialysis at 4°C. The Foncen- 
tration of ligandin (1 .O PM) was held constant and the initial concen- 
tration of lithocholic acid was varied from 0.4 UM to 6 UM. Calculations 

bilirubin indicates that lithocholic acid binds to the Same 
high affinity site as As we have previousb 

from these data revealed n = 0.93 and Kd =' 0.32 pM. shown that other bile acids competitively displace ANS 

' 4  IN 0.01M. NaPO, (pH7.4) 
AT 4OC 

(LITHOCHOLIC ACID) INITIAL= 1.4pM 
EQUILIBRIUM DIALYSIS 

I 
I I I 

10 20  30 

FINAL GOSSYPOL CONCENTRATION IN 

THE PROTEIN COMPARTMENT (pM) 

Fig. 6. Inhibition of the binding of lithocholic acid to ligandin by various concentrations of gossypol. Binding 
of lithocholic acid was measured by equilibrium dialysis at 4OC. The concentration of ligandin (1.9 PM) and 
initial concentration of lithocholic acid (1.4 PM) were held constant. Various concentrations of gossypol 
initially were added to the protein-containing compartment. After equilibrium for the binding of lithocholic 
acid was achieved (40 hr), radioactive lithocholic acid and AS,, of gossypol were determined on both sides of 
the dialysis chamber. The line is a theoretical curve calculated as described in the Appendix, based on the 
assumption that gossypol competitively inhibits the binding of lithocholic acid to ligandin. The binding 
parameters used in this calculation were Kd for lithocholic acid = 0.32 PM and n = 0.93. K, for gossypol 
which best fit the data was 5.5 PM. 
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from transferase B, it seems reasonable to conclude that 
the bilirubin-lithocholic acid binding site is common for 
other bile acids.l 

APPENDIX 

Assuming two ligands, C and I compete for a single class of n 
binding sites on a protein, the following equations hold (14, 23): 

Where C, and C, are the free and bound concentrations of C, 
respectively, If and Ib are the free and bound concenuations of I 
(competitor), respectively, P is the protein concentration, and k and 
KI are the dissociation constants of C and I, respectively. 

Total concentrations of C (C,) and I (IJ can be expressed: 

c, = c b  + cf 
1, = Ib + If 

Eq. 3) 

Eq. 4) 

Combining equations 1 and 3 

Combining equations 1, 2, 3, and 5 

Combining equations 4, 5, and 6: 

Equation 7 is the basic equation used to analyze the data in Figs. 
1, 3, and 6. It can be solved for a series of chosen values of C, to 
give the corresponding series of I, values. By comparing inhibition 
curves thus calculated for various KI values with the experimental 
data, the KI values are estimated. 

In some cases C, was not directly measured (e.g., ANS or bilirubin), 
but instead, fluorescence charge (AF) or absorbance difference (AA), 
which is considered to be proportional to G, was measured. In these 
situations: 

AF(orAA)=a.Cb 4 . 8 )  

where a is the proportionality constant. In the absence of competitor: 

consequently, 

Since C,, nP, and k are known, Cb can be calculated from 
equation 10. Then u can be calculated from equation 8. Knowing 
the u value, the inhibition curve can be simulated by equation 7 
using various KI values so as to find the KI value which best fits the 
data. 

As an example, the procedure used to estimate the KI for 
inhibition by gossypol of binding of ANS (Fig. 1) is described below 
where C = ANS and I = gossypol. The approach with data in Figs. 
3 and 6 is identical. The following are known: P = 0.29 PM; C, 
= 12.5 pM; n = 1; & = 37 p M .  

Relative 
Fluorescence 

0 
0.25 
0.5 
1 .o 
1.5 
2.0 

100 
82 
74 
59 
52 
46 

In the absence of gossypol, from equation 10: 

(0.29 + 37 + 12.5) - i(0.29 + 37 + 12.5)' - 4(0.29)12.5 
2 

Cb = 

= 0.073 p M .  

a = - =  -= loo 1370. 
Cb 0.073 

Derivation of data for ~ i m u l a t i ~ ~  
Simulations were then performed with equation 7 using KI values 

from 0.5-10 p ~ .  Shown below are values calculated when KI = 1.0, 
which gave the best fit. C, values for ANS were estimated from 
equation 8. I, was calculated from equation 7. 

AF It 

100 0.073 0 
92 0.067 0.15 
84 0.061 0.31 
76 0.056 0.50 
68 0.050 0.74 
60 0.044 1 .OS 
52 0.038 1.39 
44 0.032 1.89 
36 0.026 2.60 
28 0.021 3.69 
20 0.015 5.64 
12 0.009 10.17 
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