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Abstract The rate of peroxidation of unconjugated  bilirubin 
(UCB), catalyzed by horseradish  peroxidase (HRP), has  been 
employed  by  Jacobsen  (1969. FEBS Lett. 5: 112-114)  to  assess  the 
fraction of unbound  UCB  in  the  presence of serum albumin. We 
used  this  method  to  examine the  interactions of UCB  with 
taurocholate (TC) at pH 8.2, assuming  solubilization of UCB by 
TC is due to  pigment binding  andlor  to  partitioning  into  the 
micelle, thus  rendering  UCB  unavailable  for  peroxidation. Inhi- 
bition of UCB  peroxidation  conformed  with  predictions  based 
on  these assumptions  and  demonstrated  significant  interaction 
of UCB with  both  monomeric and  micellar E. Although  sig- 
nificant  inhibition of UCB  peroxidation was  seen  with TC 
monomer,  inhibition was  even greater with TC micelles. In con- 
trast, pyrogallol, another substrate of HRP, acted very different- 
ly in  the  presence of TC. Inhibition of  pyrogallol  peroxidation 
by TC was  much  less than with  UCB and  occurred  primarily 
with monomeric T C ,  with little further inhibition in  the  micellar 
range.m  The results of this  study  suggest  that at taurocholate 
concentrations above 50 mM,  similar  to  the  physiologic  bile  salt 
concentrations  in  human  bile, at least 99% of UCB is bound to 
bile  salt,  dramatically  decreasing  the  concentration of unbound 
UCB.  Since  bile  salts  also  bind  Ca",  they  play a dual role  in 
protection  against  the  precipitation of calcium  bilirubinate  from 
bile. Therefore, bile  salts  are a major  factor  in  the  prevention of 
the  formation and growth  of  pigment  gallstones.-Rege,  R. V., 
C. C. Webster, and J. D. Ostrow. Enzymatic  oxidation of un- 
conjugated  bilirubin  to  assess its interactions with taurocholate. 
J Lipid Res. 1987. 28: 673-683. 
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Bile pigments,  in  the  form of calcium bilirubinate  or of 
an insoluble  black pigment polymer, are  major compo- 
nents of pigment gallstones, which comprise 27-32% of 
gallstones in Western society (1-5). Thus,  the precipita- 
tion of unconjugated  bilirubin (UCB) from bile is impor- 
tant  in  the pathogenesis of pigment gallstone disease. The 
solubility of UCB  in  water  at  pH 7.0 is only 1 nM (6), yet 
normal bile contains  approximately 3500 times that 
amount (7). Studies of the solubilization of UCB by bile 
salt solutions suggest that bile salts are  the most important 
of factors  which increase  bilirubin solubility  in bile (7). 

Assessment of the  saturation of bile with  calcium  biliru- 
binate  requires knowledge of the  concentrations of both 
free, ionized  calcium ([Ca2+])  and of unbound (free) 
UCB,  including  protonated UCB diacid, UCB mono- 
anion,  and UCB dianion.  Calcium activity is easily 
measured with  a  Ca2+-sensitive  electrode (8),  but a biliru- 
bin electrode is not available and is not likely to be  de- 
veloped. Therefore,  the  measurement of small con- 
centrations of unbound  UCB is technically difficult, and 
calculation of free UCB is impossible since the  binding 
constants for components of bile with UCB are not known. 
Furthermore,  the  proportions of protonated UCB, of 
UCB monoanion,  and of UCB dianion  cannot be deter- 
mined since the pKa' values of UCB in bile have not  been 
measured (7). 

A similar problem  with the  measurement of free UCB 
in UCB-albumin solutions,  where the  concentration of 
free UCB is very low, was solved by Jacobsen (9) who  used 
a  kinetic method  that  assumed  that UCB bound to 
albumin was unavailable for peroxidation by horseradish 
peroxidase (HRP).  The  rate of peroxidative degradation 
of UCB by HRP was used to  estimate  the  concentration 
of free UCB in the presence and absence of albumin.  He 
was thus able  to  calculate the dissociation constant (&) 
for  the  UCB-albumin complex. 

The concentration of free UCB is extremely low in bile 
salt solutions  since it cannot be measured by dialysis or 
ultracentrifugation (1). Thus, it is thought  that most UCB 
is associated  with bile salts by binding or by partitioning 
into  the micelle. If the  interaction of UCB with bile salts 
renders it unavailable to react  with HRP, free UCB  in 
these  solutions  could  be measured by the kinetic method 
described by Jacobsen (9). We have adapted  the kinetic 
method of Jacobsen (9) to  examine  the  interactions of 
UCB with sodium  taurocholate (E). 

Abbreviations: UCB, unconjugated bilirubin; HRP, horseradish 
peroxidase; E, taurocholate; CMC, critical micellar concentration. 
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THEORY 

UCB peroxidation by HRP is described kinetically by 
the  Michaelis-Menten  equation without product  inhibi- 
tion (10). When  the initial concentration of UCB 
([UCB],) is  well  below the Michaelis constant (Km) of 
HRP for UCB (800 pM), the  Michaelis-Menten  equation 
simplifies to: 

V = -d[UCB]/dt = k X [HRP] X [UCB] Eq. 1) 

where k is the  linear  rate  constant. In fact, [UCB] was 
kept well  below K ,  throughout this study  and  eq. 1 is 
therefore applicable to all our results. Since UCB absor- 
bance (A)  at 440 nm is defined as: 

where  E is the  molar extinction coefficient for UCB at 440 
nm in a 1-cm light path,  and since the colorless peroxida- 
tion products  do not absorb  at this wave length, V can be 
expressed as a function of A: 

V = -dA/dt = k x [HRP] x A/E. 
E 4 .  3) 

In taurocholate solutions where much of the UCB is 
associated with bile salt and does not react with [HRP]: 

V = -d[UCB]/dt = k X [HRP]' X [UCBf] Eq. 4) 

or: 

V = k X [HRP]' X [UCB] X f Eq. 5) 

where [UCBf] is the  amount of free bilirubin and 
f =  [UCBf]/[UCB], the  fraction of free UCB.  In terms of 
absorbance: 

V = (k X [HRP]' X A X f)/E Eq. 6) 

where E is the extinction coefficient of UCB in 
taurocholate solution at 440 nm. 

The initial concentrations of UCB  that react with HRP 
in aqueous solution, [UCB],,  and in bile salt solutions 
[UCBf],, can  be  determined by measuring  the initial 
velocities, V, and v', of the peroxidation of UCB by 
HRP.  Thus: 

V, = k X [HRP] X A,/E Eq. 7) 

and 

V o  = (k X [HRP] X A, X f)/E' Eq. 8) 

where A, and A', are  the initial absorbances of bilirubin 
in each solution at  a wavelength of 440 nm. 

If the  linear  rate  constants in eqs. 7 and 8 are  equal 
(k = k'), i.e., the  unbound  UCB is oxidized at  the  same 
rate  whether or not bile salts are present: 

(V, x E) = (V, x E') 
([HRP] x A,) ([HRP]' x A, x f )  Eq. 9) 

and: 

f =  V, x [HRP] x A, x E 

V, x [HRP]' x A, x E Eq. 10) 

Thus, the fraction of free UCB in bile salt solutions can 
be measured by comparing peroxidation reaction rates in 
the presence and absence of bile salts. 

Below the critical micellar concentration (CMC) of 
sodium  taurocholate (X), monomers  and possibly 
dimers  are  present, while above the CMC the bile salt 
molecules aggregate to form micelles. Although the type 
of interaction between UCB  and X has not been char- 
acterized,  the hydrophobic behavior of UCB in aqueous 
solution would predict a different interaction between 
UCB  and bile salt micelles as compared  to bile salt 
monomers. Since the total concentration of UCB in bile 
and in aqueous solutions is never more  than  micromolar 
while that of the bile salt is millimolar, the stoichiometry 
of UCB  and TC interactions is  always much less than 13. 
Therefore,  UCB-bile salt interactions  do not follow 
classic theory of binding or partitioning which would pre- 
dict that  there is at least one  binding site per bile salt 
binding  unit or that each micelle  will accommodate  at 
least one molecule of UCB in its center. 

METHODS 

Horseradish peroxidase (HRP, crude, essentially salt- 
free, RZ approx. = 0.3, Sigma Chemical  Co.,  St. Louis, 
MO) was dissolved in deionized,  charcoal-treated water 
to a final concentration of approximately 0.44 mg of crude 
enzyme  per ml. Enzyme activity was determined by assay 
with the substrate pyrogallol (10). The enzyme solutions 
were diluted to concentrations  that  maintained  a  linear 
decrease in UCB concentration as UCB was peroxidized 
by HRP.  The concentrations of enzyme used varied con- 
siderably depending  upon  the  concentration of bile salt 
present. 

UCB (Gallard-Schlesinger, Carle Place, NY) was dis- 
solved in CHC13 to a final concentration of approximately 
4 mg/ml and 7.0 ml of this solution was mixed with 1.0 
ml of 50 mM Na4 EDTA (Eastman Kodak Co., Rochester, 
NY)  in  methanol. One- to 2-ml aliquots were dried  under 
N2 at 4OoC and were stored under  vacuum  until use. The 
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UCB remained  stable under these conditions for periods 
of 48 hr  and was easily dissolved in the buffer solutions 
used to prepare  the  experimental solutions described 
below. 

Standard solutions  used to calculate V,  in the absence 
of bile salts were prepared with 0.15 M Tris buffer (Fisher 
Scientific Co., Fair Lawn, NJ) and  NaCl to a final pH of 
8.2 and an ionic strength of  0.15.  Test solutions containing 
sodium  taurocholate were prepared in Tris buffer at pH 
8.2 and were adjusted  to ionic strength 0.15 with NaCl. 
The sodium salt of taurocholate was purchased from Cal- 
biochem, La Jolla, CA and was greater  than 98% pure, 
and contained no phospholipids, cholesterol, or uncon- 
jugated bile salts. Both standard  and test solutions were 
prepared by dissolving the previously dried UCB-EDTA 
mixture  in 0.867 ml of 50 mM Na4EMIA  and diluting to 
10 ml final volume with the  appropriate buffer or buffer- 
taurocholate  solution. Thus,  the final solutions had  a pH 
of 8.2, ionic strength of  0.15, [EDTA] = 5.0 mM, and 
taurocholate  concentrations  ranging from 0 to 75 mM. 

The concentration of UCB which varied in each  experi- 
ment was measured  spectrophotometrically  at 440 mM. 
At  low [UCB], absorbance was linearly related to [UCB] 
(extinction coefficient = 0.973), but became nonlinear as 
[UCB] increased.  Therefore,  a  standard curve was con- 
structed from actual  measurements of [UCB] by modified 
Michaelsson reaction (11) compared with absorbance  on 
a Lambda I UV/VIS  (Perkin-Elmer, Norwalk, CT) spec- 
trophotometer (Fig. 1). This curve was used to estimate 
[UCB] in the  reaction  mixtures,  and to convert the 

change in absorbance with time (dA/dt), as UCB was 
peroxidized,  to a change in [UCB] with time (d[UCB]/dt). 
UCB concentrations,  and  thus rates of reaction, were cor- 
rected for E /E  when bile salt was present (eq. 3 and 4). 

Before  assay, each solution was filtered through  a 0.22- 
pm  Millipore filter (Millipore  Corp., Bedford,MA) to 
remove undissolved UCB aggregates. To avoid subse- 
quent precipitation of the  metastable,  standard UCB 
solutions (lacking bile salts), they were assayed imme- 
diately  after filtration and equilibration to temperature 
(25OC or 37OC).  Test solutions containing  taurocholate 
were more  stable and were allowed to equilibrate for at 
least 30 min  at  the  same  temperature before assays were 
done to insure complete binding of UCB to the bile salt. 

Immediately before assay, 0.5 ml of 0.3% H202 was 
added to 10 ml of filtered standard or test solution, and 
the  reaction was initiated by adding 1 ml of this solution 
to a cuvette containing 10 to 100  pl  of HRP solution. After 
rapid  mixing by inversion of the cuvette, the  reaction was 
monitored continuously in a  Lambda I UV/VIS spec- 
trophotometer (Perkin-Elmer, Norwalk, CT)  at a wave- 
length of 440 nm  and the  absorbance was recorded 
against time  on  a  chart recorder. The rate of reaction 
(dA/dt) and the initial absorbance (A,) were calculated 
by linear regression of data points  obtained  automatically 
by the  spectrophotometer  at 5-sec intervals throughout 
the assay.  Assay time was 1 to 2 min. All plots were check- 
ed for linearity, visually and by the  correlation coefficient 
of the regression analysis. 

The inhibition by  of the activity of HRP against 

'I 
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1.6 

1 
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Fig: 1. Absorbance of UCB in aqueous solution. The absorbance of UCB at 440 nrn (absorbance units) is plotted 
against the concentration (pM) of UCB in solution. Note that the relationship is linear to  [UCB] = 28 pM (absor- 
bance = L5), but deviates from linearity above this point. Both [UCB] and the velocity of the reaction (d[UCB]/dt) 
were corrected for this deviation above 28 pM. 
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another substrate (12),  pyrogallol,  was examined at various 
taurocholate  concentrations (0-75 nM). Because pyrogal- 
lol undergoes  spontaneous oxidation at pH 8.2, the net 
rate of oxidation at this pH was estimated by difference 
spectroscopy (Model 533 UV/VIS  double  beam  scanning 
spectrophotometer, Perkin-Elmer, Norwalk, CT) at 420 
nm with enzyme-free pyrogallol in the blank cuvette. 
Unlike UCB peroxidation  experiments,  the assays with 
pyrogallol  were done at only one concentration of substrate. 
Five percent (400 mM) pyrogallol was mixed with the 
other  reagents  diluting  the pyrogallol to  a final concentra- 
tion of  120  mM in the  reaction vessel. 

The  data reported in all figures are the  means of at least 
three assays. Usually, five assays were performed in each 
series, but assays that were not linear over the assay 
period were excluded. Occasionally the assays  were incon- 
sistent due to air bubbles  in  the  reaction cuvette, most 
commonly at higher bile salt concentrations; these were 
also excluded. Thus handled,  the results were highly 
reproducible from day to day, and the standard  error of 
the  mean was consistently below 10%. 

500 

400 

300 

200 

100 

RESULTS 

Initial  velocity of UCB peroxidation at 25 and 37°C 
The initial velocity (V,) of UCB peroxidation was 

linearly related to low initial concentrations of UCB in 
standard solutions (no bile salt) at both 25 and 37OC (Fig. 
2). The regressions  in the linear range: Vo = 62.05 x [UCB] 
+ 0.97, r =  0.98 at 37OC, and V, = 48.16 x [UCB] - 0.372, 

r =  0.99 at 25OC were used to calculate standard V, at  the 
total [UCB] measured in the test (taurocholate) solutions. 
The slope of the regression lines, 62.05 and 48.12 (pmol 
of HRP x min)", are  the  linear  rate  constants, k, in  eq. 
1 at each temperature. 

Data were obtained  at 37OC to validate our spectropho- 
tometric method of determining free UCB since pub- 
lished kinetic data  are available for UCB at this tempera- 
ture. Our value of 62.05 (pmol of HRP x min)"  is essen- 
tially the  same as the value of 62.5 (pmol of HRP x min)" 
calculated from the kinetic data of Brodersen and Bartels 
(10). Moreover, the slower rate  at 25OC is appropriate for 
the 12OC decrease in reaction  temperature. Above 

TEMP=37c / 
Y = 62.05X - 1.16 
r = 0.98 

TBYP = 25 C 
Y = 48.12X - 0.2426 
r = 0.90 

I I I I 1 I I 

0 2 4 6 

INITIAL IUCBl pY 
8 

Fig. 2. The initial velocity of UCB peroxidation  in  the  absence of taurocholate. The initial velocity of the perox- 
idation of UCB is plotted  against  the  initial  concentration of substrate  UCB  at  both 37OC and 25OC. The slope 
of the  linear regressions: Vo = 62.05 x [UCB] - 1.16, I =  0.98 and V o  = 48.12 - 0.2426, r =  0.99 give the  rate  constant 
k of the  reaction  at  each  temperature, respectively. The value of 62.05  at  37% is essentially the  same as the value 
calculated  from  the  kinetic  data of Brodersen  and  Bartels (10) for HRP and  UCB.  The lower value at 25OC is consis- 
tent  with  the 12OC drop in  reaction  temperature. 
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[UCB] = 10 pM at 25OC and 5 pM at 37OC, a value still 
well  below the K ,  of H R P  for UCB (800 pM), V, of the 
reaction deviated slightly from linearity, consistent with 
the  dimer  and  multimer formation known to occur at 
[UCB] in  this  range in aqueous solution (13). Thus, our 
data obtained  spectrophotometrically  are consistent with 
previously reported data on UCB peroxidation by HRP 
(9,  lo), but  the  spectrophotometric  method may actually 
be  more sensitive to UCB aggregation (self-binding). 

Initial  velocity of UCB peroxidation in the 
presence of taurocholate monomer (below the CMC) 

The inhibition of UCB peroxidation by TC monomer 
is illustrated in Fig. 3. Similar to standard solutions (line 
labeled no bile salt),  solutions  containing 2 and 5 mM TC 
(below the CMC) demonstrated  a  linear  relationship  be- 
tween V, and  [UCB]. However, the  linear regressions: 
V, = 23.68 x [UCB] - 3.72, r=  0.99 and V, = 12.61 x [UCB] 
+ 1.53, r=  0.99 indicate  that  the  linear  rate  constants of 
23.68 and 12.61 (pmol of HRP x min)", respectively, pro- 
gressively decrease from the  standard value as [TC]  in- 
creases in  the  monomeric range. 

Eq. 10 can be used to calculate the  fraction of UCB  that 
was free in each solution tested at [E] = 2 and 5 mM. 
The initial [UCBf] was then  obtained since [UCB] is 
known in each case and was plotted against  the  ratio of 
the  concentration of "bound" UCB  to taurocholate 
[UCBb]/[TC] in Fig. 4. The plots for [X] = 2 mM (0) 

and 5 mM ( + ) both fall on essentially the  same regres- 
sion line: [UCBr] = 1913 x [UCBb]/[TC], r =  0.99. This 
relationship  can  be  rearranged to the  form: 

K,,, = 522 1/M = [UCBb] 
[UCBfl x [XI Eq. 11) 

where the  molar  concentrations  are used to  obtain Kmn. 
Thus,  the association of UCB with taurocholate in the 
monomeric  range  can be described empirically by the 
constant K m o n .  

Inhibition of UCB peroxidation in the presence of 
taurocholate micelles 

Above the CMC of E, the  proportion of micelles in- 
creases progressively as  [TC] is increased, since the con- 
centration of monomer  remains essentially constant while 
that of micelles increases. The effect of TC micelles on 
UCB peroxidation is illustrated in Fig. 5. Again, V, is 
linearly related to  [UCB] above the CMC,  and  rate con- 
stants  determined from the slopes of linear regressions 
decrease from 4.57 to 0.24 (pmol of HRP x min)" as  the 
concentration of TC is increased from 10 to 75 mM. 

Again [UCBr] was plotted against  [UCBb]/[TC] for the 
micellar solutions (Fig. 6). The relationships were again 
linear, but  there was a progressive decrease in  the slope 
of the regressions as [TC] increased from 10 to 20 mM. 
There was then little change between regressions at 20 

400 I 
I / 

0 2 4 6 6 10 12 14 - NcBl ry 

Fig. 3. Initial velocity of U C B  peroxidation in  the presence of taurocholate monomer. The relationship between 
initial velocity of U C B  peroxidation and [UCB] at 25OC is shown for two concentrations of taurocholate (2 and 
5 mM) in  the monomeric range and is compared to the  values  in  the absence of taurocholate (0). The linear regres- 
sions in  the presence of taurocholate were: 2 mM X, VO = 23.68 x [UCB] - 3.72, r = 0.99 and 5 mM X, 
Vo = 12.61 x [UCB] + 1.53, r = 0.99.  The apparent rate constant in the presence of taurocholate is less than in stand- 
ard solutions and decreases from 23.68 to 12.61 (1M HRP x min)" as [ X ]  increases from 2 to 5 mM. 
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MONOMERIC TAUROCHOIATE 

7 -  OWCl = 2 m Y  

+WCI = 5 mY 
8 -  

5 -  

4 -  

3 -  
LINEAR REGRESSION 
Y = 1013X 
r = 0.0088 
K monomer = 522 V Y  

0.002 0.003 0. 04 

BOUND UCB TO TAUROCHOIATE RATIO 

Fig. 4. Relationship of free UCB  to  the  ratio of bound  UCB  and  taurocholate in the  monomeric  range.  Plots of 
calculated  [UCBf]  against  the  ratio of [UCBb] / [E]   a re  not significantly different  at [ E ]  = 2 (0) and 5 mM ( + ). 
This  indicates  that  the  interaction of UCB with TC is governed by a single constant, Kmon = [UCBb]/[UCBf] 
x [TC]),  and  that  there is no significant reaction of bound  UCB,  and  no  inhibition of the  enzyme H R P  over the 

monomeric  range of [TC].  The line  in  the  graph is the average plot of [UCBf]  and  [UCBb]/[TC],  with Kmon equal 
to 522 I/M(l/slope of this line). 
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Fig. 5 .  Inhibition of UCB peroxidation  in  the  presence of taurocholate micelles. The relationships between initial 
velocity of UCB peroxidation  and [UCB] is shown at  concentration of E in the  micellar  range  from [ E ]  of  10 
to 75 mM.  The  linear regression lines for  the  peroxidation  in  the  presence of micellar TC were: 10  mM E, 
Vo = 4.57 x [UCB] - 3.54, r = 0.99; 15 mM E, VO = 2.00 x [UCB] - 2.24, r =  0.99;  20 mM E, Vo = 0.79 x [UCB] 
- 1.50, r= 0.99; 50 mM T C ,  0.31 x [UCB] - 0.68, r= 0.99; and 75 mM E, Vo= 0.24 x [UCB] - 1.43,r= 0.99. In 
micellar  solutions  there were further  decreases in the slope of the  linear regressions from 4.57 to  0.24  indicating 
further  inhibition of the  peroxidation of UCB  as  the  concentration of TC micelles increases. At [X] = 50 mM,  the 
reaction  rate is inhibited by over 99%. 
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BOUND BILIRUBfN TO TAUEOCEOIATE RATIO 

Fig. 6. Relationship of  free UCB to the ratio of bound UCB to taurocholate in the micellar range. The calculated 
values of [UCBf] are plotted against [UCBb] / [x] ,  but the slope of the plots decreased progressively from [X] = 10 
to 20 mM. There was little change in slope for [TC] = 20 to 75 mM. Thus,  at each [X] the interaction of UCB 
and ‘IC could be described by a constant, K= [UCBb]/([UCBf] X [x]). 

and 75  mM. At each [TC]  in  the micellar range,  the 
regressions can  be  rearranged  in  the  form: 

K = [UCBbl 

[UCBfl x [ E l  Eq. 12) 

which is analogous to eq. 11. It would at first appear  that 
the association of UCB with TC is a  constantly  changing 
function  in  the micellar range. 

However, one should realize that  the  constant K in  eq. 
12 depends  on  the  amount of UCB  that is associated with 
micelles and with monomer since both are present in 
micellar bile salt solutions. Since the  concentration of TC 
monomer  remains  approximately  the  same above the 
CMC, the  proportion of TC micelles to monomer con- 
stantly rises. The effect of the  changing  concentrations of 
TC monomer  and micelles can be described mathe- 
matically as: 

K = X X Kmon + Y X Kmic Eq. 13) 

where X is the  fraction of monomer ([TC],,,/[TC]) and 
Y is the  fraction of micelles (([~],,,>/[TC]) and: 

X + Y = l .  Eq. 14) 

This  equation predicts  that K should approach Kmic from 
Kmon as  [TC] increases above the CMC. Since the slopes 
of the regressions of [UCBf] versus [UCBb]/[TC]  at 50 
and 75  nM are essentially the same, Kmic can be esti- 

mated from the average values observed at these concen- 
trations  to be  2875 1/M. 

The changes in K with [E] are illustrated in Fig. 7 
by plotting  both  the expected (eq. 13) and observed (eq. 
12) overall K values at each [TC] studied. If Kmon is  522 
1 / ~ ,  and Kmic is  2875 1/M, the  predicted values of K (0) 
closely approximate  the observed values when a value of 
7.5 mM is chosen for the CMC of T C .  This value of 
CMC is in  the  range of reported values of CMC in  the 
literature (6 to 9 mM (14)) which have been measured by 
other  methods. 

Inhibition of pyrogallol activity by taurocholate 

The activity of HRP for pyrogallol is significantly 
decreased by Tc monomer, but little additional  inhibition 
occurs as the  concentration of TC micelles  is increased 
(Fig. 8). This could be due to interactions of pyrogallol 
with E or to  direct  inhibition of HRP by the bile salt. 
The exact mechanism  cannot be determined from this 
study. However, so that we might compare  inhibition by 
E of UCB  and pyrogallol peroxidation, we assumed 
pyrogallol-TC interactions and calculated constants in the 
monomeric  and micellar regions from eqs. 11, 12, and 13 
as was done for UCB (Fig. 9). Clearly, interactions 
between X ,  pyrogallol, and HRP were highest in the 
monomeric  range,  although tenfold lower than  that seen 
for UCB, and TC micelles did little to further  inhibit  the 
reaction. Thus pyrogallol and  UCB act very differently 
with TC and/or  HRP. Since the physical-chemical proper- 
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Fig. 7. Calculation of Kmic. The value of K in the micellar range depends on the value of  Kmon, Kmic, and the 
proportion of bile salt monomers and micelles. The values of K were calculated from the slopes of the plots in Fig. 
6 and are plotted against the concentration of 'IC (0). Kmic  was approximated from the average of K  at [X] = 5 0  
and 75 mM to be 2875 lIM, since K will approach Kmic as [X] increases. The observed values of K  are compared 
to predicted values ( + ) calculated from the equation: Koverdl- X + Y XKmic using Kmon - 522 lIM, 
Kmic - 2875 1/M, and CMC for TC = 7.5 mM. The  intermediate values of K match nicely, demonstrating the ex- 
pected change in K as the proportion of 'IC micelles increases. 

ties of UCB predict that it should be more closely asso- DISCUSSION 
ciated with the micelle, these data  are consistent with: I )  
inhibition of the  peroxidation of UCB  due  to UCB-TC in-  Although UCB comprises only 1-3% of the  total  biliru- 
teractions; 2) inhibition of pyrogallol oxidation due to bin in bile, bile is thought  to be  close to saturation with 
another  mechanism; and 3) very little, if any, direct  inhi- UCB (1, 7). Small changes in  the  concentration of UCB 
bition of the  enzyme HRP by the bile salt. or in the ability of bile to  bind UCB could, therefore, 
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Fig. 8. Inhibition of the peroxidation of pyrogallol by horseradish peroxidase. The fraction of activity of HRP 
for the  substrate pyrogallol (1,2,3-trihydroxybenzene) is plotted against the concentration of taurocholate. Note that 
the activity drops  in  the monomeric range of concentrations, but not to  the degree seen with UCB. There is little 
further decrease in activity as [TC] increases in the micellar range. 
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Fig. 9. Calculation of pyrogallol data assuming pyrogallol-X interactions. The data obtained for the inhibition 
of HRP activity for  pyrogallol  was compared to that  for UCB by assuming that it interacts with X. Note that 
this gives a pattern very  different  from UCB. Kmon for pyrogallol  is  lower than Kmon for UCB and higher than 
Kmic for pyrogallol, demonstrating that the interactions of pyrogallol and/or HRP with ’IC monomer are  less  than 
with UCB and that, unlike UCB, there is essentially no interaction with micelles. 

cause bile to become supersaturated with either calcium 
bilirubinate  or with UCB itself, and precipitation may 
then occur. Increased [UCB]  has been demonstrated in 
the bile of patients with black pigment gallstones related 
to hemolytic anemia (1) and in n 6 h b  mice with congenital 
hemolytic anemia,  an  animal model of pigment gallstone 
disease (15). O n  the  other  hand, a  decreased ability to 
solubilize UCB is suggested by data in  Japanese  patients 
with pigment gallstone disease who have both a decrease 
in  total bile salt concentrations  and an altered bile salt 
profile in  their  gallbladder bile (16). The extent of in  vitro 
solubilization of UCB by bile salts indicates that  the  latter 
are probably  the  major  factor  in bile responsible for solu- 
bilization of UCB (17). 

Studies of the solubilization of UCB have shown an  in- 
crease in UCB solubility of about  four  orders of magni- 
tude when bile salts are present (17). The solubility of 
UCB increases with increasing  a bile salt concentration, 
but bile salt micelles are  much  more efficient than 
monomers. It is felt that bile salts increase the solubility 
of UCB by binding  to it or by partitioning  the  hydropho- 
bic UCB molecule into  the  center of the bile salt micelle 
(17). However, like cholesterol, UCB interactions with bile 
salts differ from other substances that  do bind to bile salts 
or  partition  into bile salt micelles in  that  much less than 
one molecule of UCB interacts with each bile salt mole- 
cule or micelle. The actual  nature of UCB-bile salt in- 
teractions  has not been determined.  It is, therefore, not 
possible to describe these interactions  mathematically 
with classic binding  or  partitioning theory. 

This study employed a modification of a  method used 
previously to  determine  the dissociation constant (Kd) of 
the  UCB-albumin complex (9) by measuring  the  initial 
velocity of the peroxidative degradation of UCB  to col- 
orless products. Since the  initial velocity depends on  the 
amount of UCB free to  react,  the  measurement of free 
UCB in  taurocholate solutions by this  method  depends on 
several assumptions: u)  the  rate of dissociation of UCB 
from taurocholate is more  rapid  than  the  rate of UCB 
peroxidation and is not the  rate  limiting step; 6) free 
UCB,  but  not  bound  UCB,  reacts with HRP;  and c) 
taurocholate does not directly  inhibit  the  enzyme HRP. 
The validity of these assumptions is addressed as follows. 

The rate of peroxidation of UCB was controlled by 
decreasing  the  concentration of HRP until  a plot of absor- 
bance versus time was linear  and V, was linearly  depen- 
dent  on  both  the  initial  concentrations of UCB  and  HRP. 
Since free UCB concentration is  very low, a  rate of perox- 
idation  that is faster than  the  rate of dissociation of UCB 
from taurocholate would result in a  nonlinear plot of ab- 
sorbance versus time. Thus, the first assumption is justifi- 
ed by the  conditions imposed upon  the study. 

The linearity of the plot of the  concentration of free 
UCB against fixed ratios of “bound”  UCB  to taurocholate 
(Figs. 4 and 6) validates the  other two assumptions. If the 
UCB associated with ‘IC monomer  and micelles reacted 
with HRP,  the calculated concentration of free UCB 
would not  be  the  same  at fixed ratios of [UBCb]/[’IC] 
over a  range of [E]. Although the [UCBb/[m] ratio is 
the same, [UCBb] would be  much  greater  at  higher as 
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compared  to lower TC concentrations. The contribution 
of the UCBb to  the initial velocity  would consequently be 
greater  at high [ E ]  and  [UCBf] versus [UCBb/[TC] 
would  have a  higher  than  predicted slope at high [X]. 

Likewise, direct inhibition of the  enzyme HRP by the 
bile salt taurocholate would decrease the  linear  rate cons- 
tant k to k' (eq. 1) and  the value of [UCBf] would be 
much lower than  predicted for [UCBf]  at higher bile salt 
concentrations. The plots of [UCBf] versus [UCBb]/[TC] 
would consequently have  lower  slopes than predicted as 
taurocholate  concentration increased. 

In actuality, the slopes of the plot of [UCBf] versus 
[UCBb] / [x]  were identical for 2 and 5 mM taurocholate 
indicating  a single constant, K,,,, of 522 1/M (eq. 11) in 
the  monomeric  range  and excluding reaction of bound 
UCB  or direct enzyme  inhibition. In the micellar range, 
slopes of [UCBf] versus [UCBb]/[TC]  decreased,  and 
thus  the  constant, K ,  increased progressively with a rise 
in [E] from 10 to 50 mM. The slopes and constant were 
then essentially the same at 50 and 75  mM indicating  that 
K was approaching Kmic with a value of about 2875 1/M. 
A plot of overall K versus [X] (Fig. 7) again 
demonstrated  the compliance of our micellar data with 
the behavior theorized for solutions containing  both bile 
salt monomers  and micelles (eq. 13). 

In  contrast, examination of the  inhibition by TC of the 
activity of HRP for another  substrate, pyrogallol (1,2,3- 
trihydroxybenzene), was  very different. The structure of 
pyrogallol suggests that,  compared to UCB, it would in- 
teract very differently, if at all, with E. In fact, inhibition 
of pyrogallol activity was much less than with UCB  and 
occurred only in the  monomeric range with very little 
contribution by micelles. This contrasted with the high 
monomer  and, even higher, micellar inhibition of UCB 
peroxidation by T C .  

The results of this study  are as predicted by equations 
derived assuming  that  the  inhibition of the  peroxidation 
of UCB in the presence of E is due  to  TC-UCB associa- 
tion and not due  to enzyme  inhibition, suggesting that we 
are indeed estimating free UCB by this kinetic method. 
This is further  supported by the very different behavior of 
UCB as  compared to pyrogallol. Some contribution of 
direct  enzymatic  inhibition  cannot, however,  be excluded, 
especially in  the  monomeric range. 

If pyrogallol does not bind  to E, a reasonable scenario 
considering its structure,  and if the  inhibition of the ox- 
idation of pyrogallol in  the presence of taurocholate is due 
entirely to direct inhibition of the  enzyme by the bile salt, 
correction of our  UCB  data for this direct  enzymatic inhi- 
bition gives qualitatively the  same results. Quantitatively, 
the  constants, K,,, and Kmic, would decrease to 390 and 
1765  1/M. The amount of free UCB  at 50 mM would, 
thus, be about 1% of the total as opposed to about  0.6% 
as reported  in  this study. 

Conventional  methods of examining  the type of inhibi- 

tion of enzymatic reactions, such as Lineweaver-Burk 
plots, are not possible with E and UCB. Each type of in- 
verse plot requires given substrate  concentrations  near  the 
Km value of the  enzyme for that  substrate, in the case of 
HRP and  UCB, 800 pM. Although UCB concentrations 
in this range  can be obtained  in  metastable solutions and 
the Km and V,, of HRP have been measured  in  the 
absence of inhibitor (lo), even higher  concentrations of 
UCB  are required  to accurately measure  the  apparent 
K m  and Vmm of the reaction when it is significantly inhi- 
bited by T C .  These  concentrations could not be reached, 
even when the  method of Jacobsen (9) was used instead 
of the  spectrophotometric  method. We could only study 
UCB concentrations  that were at  maximum 1/10 K ,  by 
the  spectrophotometric  method. At concentrations this 
low, Lineweaver-Burk plots give intercepts  on  both  the x- 
and y-intercepts that  are too close to  the origin to be ac- 
curate. Thus, the physical-chemical properties of UCB 
preclude full determination of mechanisms of inhibition 
of peroxidation of UCB by HRP. 

The empirical  constants derived from plots of [UCBf] 
versus [UCBb]/[TC] have been presented in a form that 
resembles equilibrium  binding  constants (eqs. 11 and 12), 
but it must  be  emphasized  that they are not  binding  con- 
stants.  Calculation of the  true  formation  constants, 
KJ, for the  interaction of UCB with bile salt monomer or 
micelle requires knowledge of the stoichiometry of  UCB- 
bile salt binding. Morever, interactions in the micellar 
range of bile salt might  not involve binding alone, but 
rather involve partitioning of UCB into  the  center of the 
micelle. Clearly, eqs. 11 and 13 are useful for describing 
our  data  and for comparing U C B - E  interactions  in  the 
monomeric  and micellar ranges of bile salt concentration, 
but they in no way imply any  information  concerning  the 
stoichiometry or affinity of interactions which is occurring 
between these two substances. 

The actual affinity constants  that describe the associa- 
tion of UCB  and taurocholate await accurate descriptions 
of the complex solution of UCB  and taurocholate. This 
must include full knowledge of the type of interaction  and 
stoichiometry of the association of UCB with bile salts. 
Moreover, we would expect that each UCB species, pro- 
tonated  UCB, UCB monoanion, and  UCB dianion, 
would interact differently with bile salts and would  have 
different affinity constants, greatly complicating  the  anal- 
ysis of UCB-TC interactions. This last assumption was 
not tested in  the present work since the  pKd values of 
UCB  are not known, but  examination of the  interactions 
between bile salts and  UCB at different pH values should 
now  be done to begin to examine this assumption. 

In summary,  the  inhibition by taurocholate of UCB 
peroxidation catalyzed by the  enzyme HRP appears to be 
secondary to  interactions between UCB  and T C ;  direct 
inhibition of the  enzyme is less  likely. Moreover, the 
peroxidation of UCB associated with TC appears insig- 
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nificant in  comparison  to  the  reaction of free UCB. 
Therefore,  this kinetic method is applicable  in  examining 
the  interactions of UCB with taurocholate, and possibly 
with other bile salts, in  aqueous  solution. 

UCB appears  to  interact with both E monomer  and 
micelle, but  interaction is most striking  in  the micellar 
range. At the physiologic pH value of 8.2 and  at [E] > 50 
mM, the amount of free UCB estimated by this  method 
is  less than 1%. Thus taurocholate and, probably, bile 
salts in general interact with significant amounts of UCB, 
explaining  the high concentration of UCB found  in bile, 
despite its minimal solubility in aqueous  solution. By 
maintaining  [UCBf] well  below total [UCB], TC buffers 
the  concentration of free UCB available to react with 
other substances in bile. Since bile salts are known to also 
bind  calcium,  and  thus  to  reduce  the  concentration of free 
Ca2+ in bile (18), they would  play a  dual role in limiting 
the values of [UCB]  and [Ca‘+] in bile and in preventing 
the  precipitation  as  calcium  bilirubinate.  They would 
therefore play a critical role in preventing  the  initiation 
and growth of  pigment gallstones. 
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