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Abstract Background/Aims: Several proteins present in
human bile have been reported to promote cholesterol crystalli-
zation and thus are potentially important in the formation of
cholesterol crystals as the initial stage in gallstone pathogenesis.
To be physiologically relevant, such proteins must either be
present in high concentration in bile or have a potent promoting
activity. The current study explored several of the more abun-
dant but unexamined biliary proteins based upon their also hav-
ing sufficiently high serum concentrations that antibodies were
available for both their isolation and quantitation. Methods:
Protein purification was accomplished by immunoaffinity chro-
matography of bile followed by delipidation. Con A affinity
chromatography of bile was used to obtain the bound fraction,
a portion of which was delipidated. Crystallization-promoting
activity of both the purified proteins and Con A-bound glyco-
protein fractions (CABG) was measured by a photometric crys-
tal growth assay. A competitive antibody-capture ELISA assay
was developed to measure concentrations of oj-antitrypsin,
transferrin, and haptoglobin in native bile. Results: At their rele-
vant physiological concentrations, biliary haptoglobin (15 ug/ml)
had a crystallization-promoting activity twice that of the biliary
IgM (75 pg/ml) used as a reference standard (P < 0.05). Biliary
transferrin (20 pg/ml) had only modest promoting activity
(P < 0.05). Biliary aj-antitrypsin (50 pg/ml), by contrast,
showed no promoting activity. Delipidation of the CABG frac-
tion decreased its promoting activity by 75%. Biliary hapto-
globin accounts for about 30% of delipidated total CABG-
promoting activity. Conclusions: Biliary haptoglobin at its
physiological concentration has a highly potent crystallization-
promoting activity and thus becomes a candidate for major at-
tention in understanding gallstone pathogenesis. Biliary lipids
associated with CABG account for a major portion of the
cholesterol-crystallization-promoting activity of this fraction.
—~Yamashita, G., S. G. Corradini, R. Secknus, A. Taka-
bayashi, C. Williams, L. Hays, A. L. Chernosky, and R. T.
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It is well known that human bile contains several
cholesterol crystallization-promoting non-mucin glyco-
proteins; the first step in purification of these glycopro-
teins is conventionally achieved by concanavalin A
(Con A) Sepharose chromatography. Con A Sepharose
chromatography with subsequent steps has been used to
isolate and identify the immunoglobulins IgG, IgM, and
IgA, o;-acid glycoprotein, aminopeptidase N, and other
possible crystallization promoters (1-8). But, the various
post-purification steps involved in separation and isola-
tion of the complex biliary protein mixture found in the
Con A-bound fraction have proved to be complicated and
difficult. Perhaps in part because of this complexity, the
major contributing proteins or other components neces-
sary to explain most of the promoting activity of the total
Con A fraction remain unknown. Consequently, either
nonspecifically Con A-bound lipids or a recently reported
but as yet incompletely characterized lipoprotein particle
derived from the bound-Con A fraction may possibly ac-
count for this large discrepancy (9).

In light of these considerations, we decided to try an
empirically based method to isolate and study several
previously unexamined human biliary proteins on the
basis of the following rationale. First, almost all biliary
glycoproteins are also found in serum, but in much
greater relative concentrations, on the order of about 50:1
(mass:mass). For several of these relatively more abun-
dant serum proteins, antibodies are conveniently avail-
able. These proteins can also reasonably be expected to be

Abbreviations: Con A, concanavalin A; ELISA, enzyme-linked im-
munosorbent assay; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; TBS, Tris-buffered saline; M,, relative molecular
mass; STDC, sodium taurodeoxycholate; CCG, cholesterol crystal
growth assay; CABG, concanavalin A-bound glycoprotein.
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present in bile in concentrations approximately propor-
tionate to those found in serum; consequently, the com-
parative abundance of these proteins in serum should also
reflect those of comparatively greater abundance in bile
and therefore be of potentially greater pathophysiologic
importance. The issue of protein concentration versus
potency is obviously a crucial consideration in attempting
to rank the relative importance of putative crystallization
promoters.

Therefore, in the present study we first directly im-
munoisolated three human biliary proteins that have a
comparatively high serum abundance. Next, we developed
an enzyme-linked immunosorbent assay (ELISA) method
for immunoquantitation of the “physiological” concentra-
tions for each of these proteins in bile. Last, we measured
their comparative potencies with a kinetic photometric as-
say for crystal growth. The three proteins obtained and
assayed were found to show crystallization-promoting ac-
tivity at their physiological concentrations, ranging from
minimal to marked, as follows: haptoglobin >>> trans-
ferrin >> a;-antitrypsin. Delipidation of the CABG frac-
tion decreased its promoting activity by 75%. Biliary hap-
toglobin was found to account for about 30% of the
delipidated total CABG-promoting activity.

MATERIALS AND METHODS

Chemicals and antibodies

Sodium taurocholic acid and sodium taurodeoxycholic
acid were purchased from Calbiochem (San Diego, CA).
Egg yolk phosphatidylcholine was obtained from Lipid
Products (S. Nutfield, Surrey, UK). Cholesterol was pur-
chased from Eastman Kodak Co. (Rochester, NY).
AminoLink™ coupling gel was purchased from Pierce
Chemical Co. (Rockford, IL). Concanavalin A (Con A)
Sepharose columns were purchased from LKB/Pharma-
cia Biotechnology Inc. (Piscataway NJ). Human serum
oj-antitrypsin, transferrin, and haptoglobin standards
were obtained from Sigma Chemical (St. Louis, MO), as
was p-nitrophenyl phosphate. Four to 20% gradient SDS-
polyacrylamide gels were obtained from Bio-Rad Labora-
tories (Richmond, CA). All other chemicals were of the
highest grade commercially available.

Polyclonal antibodies to human «;-antitrypsin, trans-
ferrin, haptoglobin, IgM (u chain), complement 3,
ceruloplasmin, and «y-macroglobulin were purchased
from Sigma. Alkaline-phosphatase-labeled antibodies to
rabbit and goat IgG were purchased from Sigma.

Bile collection and processing

With the approval of the Cleveland Clinic Foundation’s
Research Projects and Institutional Review Committee
Regarding Human Studies, human gallbladder bile sam-
ples from 17 gallstone-free patients (controls) and 18
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patients with cholesterol gallstones were obtained by aspi-
ration of the gallbladder during surgery for cholelithiasis
or during laparotomy for a variety of nonbiliary condi-
tions; the collection procedures used and stone criteria are
described in previous studies (10, 11). None of the choles-
terol gallstone patients had signs of acute cholecystitis
during the 4 months before surgery. Bile was stored at
—80°C until processing.

Assay procedures

Protein concentrations of the native bile samples were
measured by amino acid analysis using a Beckman amino
acid analyzer, model 7300, (Beckman Instruments Inc.,
Fullerton, CA). The concentrations of purified proteins
were measured by the Coomassie blue dye-binding assay
using a commercially available kit (Bio-Rad Laboratories,
Richmond, CA); bovine serum albumin was used as a
standard (12). Because reactivity of different purified pro-
teins with the Coomassie blue dye-binding assay varies
and can be considerably different from that of albumin
used as a standard, the data from use of the conventional
Coomassie blue assay using an albumin standard seldom
represents the actual protein concentration. Therefore,
protein concentrations estimated by the dye-binding assay
were adjusted to results obtained with use of amino acid
analysis (n = 3) on identical samples of each purified pro-
tein. From these comparative studies, correction factors
based on amino acid analysis values divided by Coomas-
sie blue dye-binding assay values for each of the proteins
were obtained. For «q-antitrypsin, transferrin, hap-
toglobin, and IgM, the derived correction ratios were
2.68, 0.89, 1.04, and 1.96, respectively. The concentration
of 100 pg/ml for IgM by the Coomassie-blue assay, for ex-
ample, was 196 pug/ml. Such derived correction ratios were
then applied to all estimates of purified proteins used in
the present studies, including all ELISA data.

Total bile acid concentrations were measured by the
3a-hydroxysteroid dehydrogenase method (13). Phospho-
lipid concentrations were determined by a kit modifica-
tion of the enzymatic method of Takayama (PL-Kit K,
Nippon Shoji Kaisha, LTD, Osaka, Japan) (14, 15). Cho-
lesterol concentrations were determined enzymatically
using a commercially available assay kit (Boehringer-
Mannheim Corp., Indianapolis, IN) (16). When the cho-
lesterol and phospholipid concentrations of samples for
the cholesterol crystal growth assay were measured, sam-
ples were concentrated 40-fold. Maximal sensitivities for
the cholesterol and phospholipid concentration measure-
ments were less than 1 pmol/l and 8 pmol/l, respectively,
when applied to the solution used in the cholesterol crystal
growth assay.

Immunoaffinity chromatography

Pooled native gallbladder bile from three gallstone-free
controls and three cholesterol gallstone patients was
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ultracentrifuged (Model L5-50, with a 50.3 Ti rotor,
Beckman Instruments, Fullerton, CA) at 100,000 g for 1 h
to remove solid crystals as well as mucus glycoprotein.

Seven immunoaffinity columns (anti-haptoglobin, anti-
transferrin, anti-o-antitrypsin, anti-ceruloplasmin, anti-
ag-macroglobulin, anti-complement-3, and anti-IgM)
were prepared. Approximately 5 mg to 10 mg of each an-
tibody was coupled to 5 ml of AminoLink™ gel according
to manufacturer’s specifications.

Three ml of pooled bile was applied to 5 ml of each an-
tibody column, which had been equilibrated with Tris-
buffered saline ([TBS], 25 mmol/l, Tris-HCI, 150 mmol/l
NaCl, pH 7.4). Each column was allowed to equilibrate
overnight at 4°C to completely absorb the antigen from
the applied sample. Each column was then washed with
20 column volumes of TBS containing 10 mmol/l of so-
dium taurocholate and next washed with 10 column vol-
umes of TBS without 10 mmol/l sodium taurocholate.
The bound proteins (haptoglobin, transferrin, «;-anti-
trypsin, ceruloplasmin, a,-macroglobulin, complement-3,
and IgM) were then eluted from the column with 5
column volumes of 100 mmol/l glycine-HCI, pH 2.6, into
tubes containing 1 mol/l Tris-HCI, pH 9.5, to immedi-
ately neutralize the acidic elution buffer. The bound frac-
tions were then diafiltered with TBS by Amicon ultrafil-
tration (Amicon, Beverly, MA). After filtration with a
0.22-pm filter, for comparison the same protein solutions
were delipidated by performing Centricon-30 ultrafiltra-
tion (Amicon, Beverly MA) 10 times with the following:
TBS, TBS containing 10 mmol/ml sodium taurodeoxy-
cholate (STDC), and 50% tert-butanol. The buffer was
then changed to 2.5 mmol/l Tris-HCI, 15 mmol/l NaCl,
pH 7.4, using Centricon-30 ultrafiltration. After addi-
tional filtration with a 0.22-um filter, the solutions were
concentrated using a Speedvac (Savant Instruments Inc.,
Farmingdale, NY) just before assaying for cholesterol
crystal growth. The concentration of inorganic salts in the
protein solution was then adjusted to TBS with distilled
water and TBS. The content of cholesterol and bile acid
in the protein solutions was below the limit of detecta-
bility.

Electrophoresis and Western blotting

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) using 4-20% gradient gels was per-
formed using the standard technique described by
Laemmli (17). After fixation, the gels were stained with
silver by the method of Morrissey (18).

Western blot analysis for each protein was performed
using a polyclonal antibody to each protein. After each
protein was separated by SDS-PAGE, it was transferred
to a polyvinylidene difluoride membrane (Immobilion P,
Millipore Corp., Bedford, MA) in 48 mmol/l Tris, 39
mmol/] glycine, and 20% methanol, pH 9.2, using a semi-
dry blot electrophoretic transfer system (Trans-Blot SD)

(Bio-Rad Laboratories, Richmond, CA). After the trans-
fer, the membranes were blocked with 3% bovine serum
albumin in TBS. The membranes were then incubated in
anti-protein antibody solution followed by incubation in
an alkaline phosphatase-labeled secondary antibody solu-
tion, with extensive washing in TBS between each incuba-
tion. Finally, the blot was developed by exposing the
membrane to 154 mmol/l 5-bromo-4-chloro-3-indolyl
phosphate, 77 mmol/l nitroblue tetrazolium in 100 mmol/]
Tris-HCI, 100 mmol/1 NaCl, and 5 mmol/l MgCl,, pH 9.5.

Quantitation of specific proteins by ELISA

Optimal conditions for the ELISAs were determined by
multistep titration of different reagents in the assay (19).
Briefly, microELISA plates (Corning Glass Works, Corn-
ing, NY) were coated with each antigen (5 pug/ml) and in-
cubated for 2 h at room temperature. The purity of the
protein standards was assessed by SDS-gel using silver
staining. No contaminating protein bands were de-
tectable. These antigen-coated plates were then blocked
overnight with blocking buffer consisting of phosphate-
buffered saline and Tween (150 mmol/l NaCl, pH 7.4;
0.2% Tween 20). Each antigen standard or diluted (1:70
using blocking buffer) bile sample was added to the wells,
followed by the primary antibody (rabbit anti-human
haptoglobin, rabbit anti-human transferrin, and rabbit
anti-human «;-antitrypsin) and incubated for 2 h at
37°C. The concentration range of the standards used was
between (.015 ug/ml and 2.5 pg/ml. A 1:1000 dilution of
the labeled secondary antibody (goat anti-rabbit IgG
alkaline phosphatase conjugate or rabbit anti-goat IgG
alkaline phosphatase conjugate) was then added to the
wells and incubated for 2 h at 37°C. After incubation, ab-
sorbance was read with an automatic plate reader
(Microplate Autoreader EL311, Biotek Instruments Inc.,
Windooski, VT), using a reference wavelength of 405 nm.
All assays were performed in triplicate. Addition “spiking”
experiments were performed to determine the accuracy
for each of the ELISAs using bile samples previously
depleted of the specific protein being measured. Each
protein-depleted bile sample aliquot was obtained by
loading pooled native bile onto an immunoafhinity col-
umn for each specific protein. Each “depleted” unbound
fraction was then concentrated to its original volume.
This procedure was then repeated. Each of the specific
proteins was no longer detectable in the final “depleted”
unbound fraction using Western blotting. Twenty ug of
each specific protein was added to 1 ml bile from which
it had been previously depleted. Each “spiked” bile sample
was then measured by ELISA using three different dilu-
tions (1:35, 1:70, and 1:140) (n = 3) to assess the effect of
potential interfering substances contained in bile, e.g.,
lipids. The recovery of each of the specific proteins in the
addition “spiking” experiments ranged between 85 and
115%.
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When protein concentrations obtained by use of the
ELISAs were compared, the protein concentration found
in a given sample was divided by its total lipid concentra-
tion to derive an operational relative (%) value for the
protein concentration. This was necessary in order to
minimize the effect of the known wide physiological inter-
sample variability of total solute concentrations reflecting
differences in sample dilution. This variable affects all so-
lutes, including those of greatest relevance in this study,
i.e., proteins and lipids. The absolute concentration of a
given specific protein or total biliary lipids is strongly
affected by this variable. For this reason, as the protein-to-
lipid ratio is most likely the key determinant of interac-
tions important to the proteins as measured in this study,
we believe that this relative (%) value is of greater impor-
tance than the absolute protein value on which it is based.

Cholesterol crystal growth (CCG) assay

The effects of immunopurified proteins on cholesterol
crystallization kinetics were assessed with a photometric
assay (20). Aliquots of stock solutions of cholesterol, egg
lecithin, and sodium taurocholate were mixed to con-
struct a supersaturated model bile having a cholesterol
saturation index (20) of 1.4, a total lipid concentration of
10-12.5 g/dl, and a bile acid-to-phospholipid ratio of 4.4.
The lipid mixture was evaporated until completely dry
and then lyophilized and resolubilized in TBS that in-
cluded 3 mmol/l NaNj as an antimicrobial agent. The
suspension was then incubated at 55°C for 6 h. After
filtration with a 0.22-um filter, aliquots (130 ml) of this
model bile were mixed with either the purified protein
samples obtained from pooled native gallbladder bile in
20 ul of TBS or control solutions of 20 ul of TBS and were
then incubated at 37°C with gentle shaking. The
cholesterol crystal concentration in the mixture was se-
quentially monitored by obtaining 10 ul aliquots and
diluting each aliquot with 10 mmol/l STDC in 270 ul of
TBS, waiting 20 min, and then measuring absorbance at
900 nm.

Con A affinity chromatography

Con A-bound proteins were isolated essentially as de-
scribed by Groen et al. (21). Pooled native bile, immuno-
purified biliary and serum haptoglobin were each in-
dividually applied to a small Con A Sepharose column
(1.6 cm x 5.0 cm) that was equilibrated with a starting
buffer of 10 mmol/l Tris-HCI, 0.5 mmol/l NaCl, 1 mmol/l
CaCl,, 1 mmol/l MgCl,, 1 mmol/l MnCl,, and 1.5 mmol/l
NaNj;. The column was washed with 20 column volumes
of the starting buffer to remove all Con-A unbound pro-
teins. The proteins bound to the column were then eluted
with 0.2 mmol/l a-D-methyl-mannopyranoside (Sigma
Chemical Co., St. Louis, MO) in the starting buffer. The
Con A-bound and unbound fractions were diafiltered
with TBS by Amicon ultrafiltration. After filtration with
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a 0.22-um filter, Con A-bound fractions from native bile
were then delipidated by Centricon-10 ultrafiltration with
TBS (x 5), or with TBS containing 10 mmol/l STDC
(x10). The sample that was delipidated by TBS contain-
ing STDC was buffer exchanged. This was done by Cen-
tricon ultrafiltration-10 with TBS alone to completely re-
move the STDC. The residual content of bile salts in the
buffer exchanged Con A-bound fractions was below the
limit of detectability. Both nondelipidated and delipidated
Con A-bound fractions were prepared identically to the
other fractions obtained by immunoaffinity chromatogra-
phy for the cholesterol crystal growth assay.

Delipidated Con A-bound fraction was applied to an
anti-haptoglobin immunoaffinity column to obtain a
haptoglobin-depleted fraction as previously described (8,
22). After this step, using Western blotting, haptoglobin
was no longer detectable in the Con A-bound fraction.

Statistical analysis

The differences between protein concentrations and
cholesterol crystal growth data were analyzed with a two-
tailed Wilcoxon rank-sum test for comparison of groups
comprised of nonparametric data (23). Comparisons for
the data from CCG assays were performed using the un-
paired ¢-test for each point. The significance level was set
at 0.05.

31—

144 —

1 2 3

Fig. 1. Pooled native bile was run on SDS-PAGE under reducing con-
ditions and Western blots were performed using anti-a;-antitrypsin,
anti-transferrin, and anti-haptoglobin. Lane 1: a,-antitrypsin (50-kD);
lane 2: transferrin (76-kD); lane 3: haptoglobin multimer with
3 subunits, i.e., 40-kD (8 subunit), 17-kD (a; subunit) and 9-kD («,
subunit). No cross-reactivity can be observed on any of the Western
blots.
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RESULTS

Specific of antibodies

Aliquots from pooled native bile were run on SDS-
PAGE under reducing conditions and Western blots were
subsequently performed using anti-a;-antitrypsin, anti-
transferrin, and anti-haptoglobin. As in Figure 1, Western
blots using anti-a;-antitrypsin (lane 1) and anti-
transferrin (lane 2) showed only a single band at 50 kD
and 76 kD, representing o;-antitrypsin and transferrin,
respectively, and using anti-haptoglobin (lane 3), showed
a 40 kD (B-subunit), a 17 kD (as-subunit) and a 9 kD
(ay-subunit) band, representing haptoglobin. No anti-
body cross-reactivity was observed.

Immunoisolation of various different biliary proteins

Three proteins, o,-antitrypsin, transferrin, and hapto-
globin (each of which are relatively abundant in serum)
were purified from gallbladder bile using specific anti-
body columns. These proteins were then individually run
on SDS-PAGE under reducing conditions and the gels
were stained with silver. As shown in Figure 2, lane 1
(ctj-antitrypsin), lane 2 (transferrin), lane 3 (haptoglobin)
showed M, bands identical to those found in the refer-
ence lanes shown in Fig. 1. No contaminating protein
bands ‘were detectable.

Recovery for ceruloplasmin, complement-3 and a,-
macroglobulin in each case was less than 3 pg/ml; purity
after isolation with immunoaffinity chromatography was

Mr
(x103)

97.4 —

66 —

45 —

31 —

1 2 3

Fig. 2. SDS-PAGE (reducing conditions) of immunoisolated biliary
proteins. Lane 1: a,-antitrypsin; lane 2: transferrin; lane 3: haptoglobin.
Gels were stained with silver. Bands found in each lane are identical to
those shown in Fig. 1. No contaminating proteins can be detected.

15

0.D. (900 nm)

T

0 48 96 144 192

Time (Hours)

Fig. 3. Comparison of relative promoting activities for a;-antitrypsin,
transferrin, haptoglobin, and IgM at their physiological concentrations
in bile. Haptoglobin showed, by far, the most potent activity; IgM and
transferrin showed almost the same level of promoting activity; and
a;-antitrypsin showed no significant promoting activity. Each point on
the control and experimental curves represents a mean value (n = 4).
Standard deviations were omitted on the graph for purposes of clarity.
Symbols: ---O--, control; --- A---, a;-antitrypsin; ---CJ---, transferrin;
---0---, haptoglobin; ---@---, [gM. *P < 0.05 versus control.

not demonstrable on SDS-PAGE (data not shown).
Therefore, further studies concerning these three un-
purified proteins were discontinued.

Effect of adding immunoisolated biliary proteins to
the cholesterol crystal growth assay

The results of addition experiments at physiological
concentrations found in bile are shown in Figure 3.
Biliary haptoglobin (15 pg/ml) clearly showed the most
potent promoting activity. Biliary transferrin (20 pg/ml)
also enhanced cholesterol crystallization to nearly the
same magnitude as that seen with the 75 pg/ml of biliary
IgM. No significant promoting effect for biliary ;-
antitrypsin, however, could be detected. Although the
cholesterol and phospholipid amount of each protein test
solution was well below the detection limit of our choles-
terol measurement assay, the possibility that some cho-
lesterol crystals or vesicles could still have been present in
these samples could not be excluded. We therefore com-
pared effects of delipidation of the isolated proteins on
promoting activity by the crystal growth assay without
and with exposure to 50% tfert-butanol. As delipidation
with 50% tert-butanol had no discernible effect on mea-
sured promoting activity (data not shown), the compara-
tive crystallization promoting effects of these biliary pro-
teins could be ranked by potency in the following order:
haptoglobin >>>IgM = transferrin >> a-antitrypsin (no
effect).

As shown in Figure 4, increasing concentrations (3.75,
7.5, and 15 pg/ml) of haptoglobin showed promotion of
cholesterol crystallization to be concentration-dependent.

Yamashita et al. Biliary haptoglobin as cholesterol crystallization promoter 1329
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Fig. 4. Concentration-dependence for the promoting activity of biliary
haptoglobin as measured by the cholesterol crystal growth assay. Three
concentrations of the purified haptoglobin (3.75, 7.5, 15 pg/ml) were
used in the crystal growth assay. A concentration-dependent increase in
promoting activity can be seen. Each point on the control and ex-
perimental curves represents a mean (n = 4). Symbols: ---O---, control;
---[J---, 3.75 pg/ml; ---€---, 7.5 pg/ml; ---O---, 15 pg/ml.

Con A affinity chromatography

After the Con A-bound fractions were prepared, sam-
ple solutions were delipidated by STDC treatment. As
precipitation occurred during exposure to 50% fert-
butanol of the Con A-bound fractions, this convenient ap-
proach could not be used for delipidation (24). Protein
concentration in the Con A-bound fractions was in the
range of 150 to 250 pg/ml. The cholesterol and phos-
pholipid concentrations of Con A-bound fractions treated
by ultrafiltration with TBS alone were 10 to 20 pmol/l and
below the detection limit, respectively. When ultrafiltra-
tion was performed using TBS and STDC, the concentra-
tion of cholesterol was less than 1 pmol/l. The cholesterol
crystallization-promoting activity of these two types of
samples was measured by the CCG assay. Figure 5 shows
the CCG results from delipidated and nondelipidated
Con A-bound fractions. The promoting activity decreases
by 75% upon delipidation with TBS-STDC, but the final
optical density measurement (i.e., final cholesterol mass)
was unchanged after delipidation. To determine the affinity
to Con A lectin of immunoisolated biliary haptoglobin,
this purified protein was chromatographically separated
into Con A-bound and -unbound fractions (25). About
90% of biliary haptoglobin was found in the Con A-
bound fraction. To determine the relative contribution of
the promoting activity of haptoglobin to the total activity
of delipidated Con A-bound fractions at several dilutions
and for comparison purposes, the activities of 14 pug of
haptoglobin and of 186 ug (200 pg-14 pg) of a hapto-
globin-depleted Con A-bound fraction were concomi-
tantly tested by CCG assay. Figure 6 shows a typical ex-
ample of the promoting activities observed with the CCG
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Fig. 5. Comparison of relative promoting activities for Con A-bound
fractions with (open symbols) or without (closed symbols) delipidation
at three different concentrations. The promoting effect (onset time) of
100 pg/ml of delipidated Con A-bound fraction and 25 pg/ml of non-
delipidated Con A-bound fraction were almost identical. The final opti-
cal density (i.e., crystal mass) was not different between delipidated and
non-delipidated samples. Each point on the experimental curves
represents a mean (n = 5). Symbols; ---@O---, 100 pg/ml; ---B]---, 50
pg/ml; ---AA---, 25 pg/ml. *P < 0.05 versus a delipidated Con A-
bound fraction having the same protein concentration.

assays of delipidated Con A-bound fractions compared
with that of delipidated haptoglobin. These demonstrate
two things. First, the promoting effect of the delipidated

25

2.0 /

1.5

1.0

0.D. (900 nm)

0.5
X

7]
0.0 L p oy
0 48 26 144 192

Time (Hours)

Fig. 6. Comparison of relative promoting activities for delipidated
Con A-bound fraction at different concentrations compared with that of
14 pg/ml (physiological concentration) of immunoisolated biliary hap-
toglobin and 186 pg/ml of haptoglobin depleted (by immuno-extraction)
Con A-bound fraction (200 ug/ml-14 pg/ml). The promoting activity
(onset time) of 50 gg/ml of Con A-bound fraction and that of biliary hap-
toglobin is nearly the same. The final optical density (i.e., crystal mass)
was comparatively less with haptoglobin. The cholesterol crystallization
activity of Con A-bound fraction is significantly decreased by removal of
haptoglobin. Each point on the control and experimental curves
represents a mean (n = 5). Symbols; ---O---, control; ---@---, hap-
toglobin; ---X---, haptoglobin-depleted Con A-bound fraction; ---H---,
200 ug/ml; ---0---, 100 pg/ml; --- A---, 50 pg/ml; --- A---, 25 pg/ml of
the Con A-bound fraction. *P < 0.05 comparison between 200 gg/ml of
Con A-bound fraction and haptoglobin-depleted Con A-bound fraction.
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Con A-bound fractions is concentration-dependent. Sec-
ond, by comparing the activity of immunopurified hapto-
globin with that of the delipidated Con A-bound fraction,
it can be seen that the contribution of haptoglobin to the
fractional promoting activity (onset time) represents
about 30% of the physiologically relevant concentration
of the delipidated Con A-bound fraction (200 ug/ml).
Thus, even with the delipidated Con A-bound fraction,
the observed final cholesterol mass cannot be accounted
for by the effect of biliary haptoglobin. The promoting ac-
tivity of the delipidated Con A-bound fraction was sig-
nificantly decreased on depletion of haptoglobin by
immuno-extraction. The contribution of the haptoglobin-
specific promoting activity in the Con A-bound fraction,
however, cannot be accurately estimated by use of this
immuno-extraction approach. This is because the dose-
dependence of promoting activity of the Con A-bound
fraction is not linear, especially the range between
100 pg/ml and 200 pg/ml as shown in Figure 6.

Concentrations of the biliary proteins

Concentrations of the three immunoisolated biliary
proteins in gallbladder bile samples from gallstone-free
controls and of randomly chosen individual samples from
cholesterol gallstone patients were compared. As shown in
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Figure 7A (a), concentrations of a;-antitrypsin were sig-
nificantly lower in the gallstone group (P < 0.05). The
concentration of biliary haptoglobin tended to be higher
in the gallstone group than in the controls; however,
neither the concentrations of biliary haptoglobin (P = 0.11)
nor biliary transferrin (P = 0.87) were significantly differ-
ent when compared to controls as shown in Figs. 7B (a),
7C (a). In Figs. 7A (b), 7B (b), and 7C (b), the data indi-
cate that only for biliary haptoglobin is there a significant
increase in its relative concentration for the cholesterol
gallstone-associated samples compared to the gallstone-
free controls (P < 0.05).

DISCUSSION

Biliary haptoglobin showed the most potent promoting
activity of the three immunoisolated biliary proteins even
at its comparatively low physiological concentration of
15 pg/ml (Fig. 3). Based on published data, biliary IgM
at its physiological concentration of 75 ug/ml must be
considered the most potent single biliary promoting pro-
tein identified prior to the present work (3). As can be
seen in Fig. 3, biliary haptoglobin at its physiological con-
centration has about twice the promoting potency of IgM
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Fig. 7. (A) Absolute (P = 0.045*) and relative concentrations
(P = 0.381) of biliary «;-antitrypsin; (B) absolute (P = 0.869) and rela-
tive concentrations (P = 0.339) of biliary transferrin; (C) absolute
(P = 0.11) and relative concentrations (P = 0.035*) of biliary hap-
toglobin, in individual bile samples from stone-free controls and
cholesterol gallstone patients. Absolute protein concentrations are shown
in panel (a). Relative protein concentrations to total biliary lipid are
shown in panel (b). Means are shown as horizontal lines. *P < 0.05
comparison between cholesterol gallstone and gallstone-free control
groups.
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and thus replaces IgM as the biliary promoting protein
with greatest potency at its physiological concentration.
In contrast to this observation, biliary o;-antitrypsin,
when assayed at its physiological concentration, showed
no significant promoting activity. The apparent conflict
between this observation and that of a recent preliminary
report by Zijlstra et al. (26) may be related to differences
in the protein concentrations used in the crystal growth
assay. For example, we found that promoting activity for
o -antitrypsin was roughly equivalent to that of biliary
transferrin at its physiological concentration of 20 pg/ml
but only when the assay concentration of «;-antitrypsin
was increased by threefold to 150 pg/ml.

The Con A-bound fraction obtained from native bile is
known to have strong cholesterol crystallization-promoting
activity (21). Although several proteins derived from the
Con A-bound fraction have been identified as crystalliza-
tion promoters, the activity of these proteins is insufficient
to account for most of the observed promoting activity (8).
We found that cholesterol concentration in the Con A-
bound fraction is in the range of 10 to 20 pmol/l. Despite
the fact that this low level of cholesterol concentration in-
creases the cholesterol saturation index of model bile by
only 0.002, when even micromolar amounts of cholesterol
are added to the system the effect is not negligible. Addi-
tion of only 1.2 umol/] of cholesterol as seed crystals, for
example, strongly accelerates cholesterol crystallization
activity (20). The apparent promoting activity of the Con
A-bound fraction decreased by about 75% after delipida-
tion. Residual cholesterol, therefore, seems to be primar-
ily responsible for this discrepancy. When the potential
effect of small amounts of cholesterol on the apparent
crystallization-promoting activity of immunopurified pro-
teins was examined, a change in crystallization promoting
activity of biliary haptoglobin was not associated with
delipidation. Based on our results, the contribution of
haptoglobin to the total promoting activity (onset time) in
the delipidated Con A-bound fractions is about 30%.
Nearly all of the Con A-bound glycoprotein-derived crys-
tallization promoting activity can probably now be ex-
plained by the several proteins already reported as having
promoting activity (1, 3-8). The enhanced effect of even
the delipidated Con A-bound fraction on the final
(equilibrium) cholesterol crystal mass, however, remains
unexplained by our results. We had anticipated that the
delipidation procedure that decreased promoting activity
would also eliminate this effect. This unexpected result
may indicate that there is some undefined Con A-bound
promoter protein that may somehow have a unique effect
on cholesterol crystal mass.

It has been proposed that one of the important criteria
to establish the credibility of a putative promoter is that
the concentration of the candidate promoter compared to
that found in gallstone-free control samples should be in-
creased in bile samples acquired from patients with gall-
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stone disease (27). As the protein-to-lipid ratio is likely
the key determinant of interactions between biliary pro-
teins and lipids, we used protein concentrations normal-
ized to individual sample total biliary lipid content to
compare intergroup specific protein concentrations. As
shown in Fig. 7, quantitative measurements using this
basis for comparison show a twofold mean increase in
concentration for biliary haptoglobin in the gallstone-
associated samples compared to controls. In contrast,
similar comparative measurements for biliary transferrin
and «-antitrypsin failed to show such a pattern. It should
be noted that haptoglobin is an inflammatory acute phase
reactant as are o -antitrypsin and IgM, neither of which
has been shown to increase in cholesterol gallstone disease
(3). Thus, the most likely associated chronic inflamma-
tory process associated with gallstones, i.e., cholecystitis,
does not seem to provide as ready an explanation for
disease-associated elevations as it probably does for
elevated levels of biliary IgG (3).

Whereas the normalized concentration of haptoglobin
shows a twofold mean increase in cholesterol gallstone pa-
tients compared to controls, it follows that there is a con-
siderable overlap in biliary haptoglobin concentration
within these groups. As the pathogenesis of gallstone dis-
ease is undoubtedly multifactorial, differences in crystalli-
zation effectors such as the various pronucleating pro-
teins, inhibitor proteins and degree of biliary cholesterol
supersaturation do not always clearly discriminate be-
tween samples from gallstone and control groups (28, 29).
Because low concentration levels of haptoglobin lack
potent crystallization-promoting activity as shown in Fig.
4, about half of the gallstone patients in this study may
not have been strongly affected by biliary haptoglobin
concentrations. Nevertheless, biliary haptoglobin, which
at physiological concentrations is probably the most po-
tent cholesterol crystallization-promoting protein thus far
reported, should have a significant pathogenetic role in
the major subgroup of cholesterol gallstone patients in
whom its biliary concentration is increased.

Groen (30) showed that the Con A-bound fraction ap-
pears to shift biliary lipid from micelles to vesicles. Ahmed
et al. (31) recently showed that promotor proteins tend to
be relatively hydrophilic. The precise mechanism(s) of the
cholesterol crystallization promoting activity of hapto-
globin, however, is unclear. As haptoglobin is one of the
several cholesterol crystallization promoters found in
Con A-bound fractions (1-8) and is hydrophilic, a possible
mechanism of the pronucleating activity of haptoglobin
may be that of shifting biliary cholesterol from biliary
micelles to vesicles (32). B
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