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Abstract

Biliary proteins inhibiting or promoting cholesterol crystal-
lization are assumed to play a major role in cholesterol
gallstone pathogenesis. Wenow report a new group of bili-
ary proteins that bind to cholesterol crystals, modify crystal
morphology, and inhibit cholesterol crystallization. Various
glycoprotein mixtures were extracted from abnormal hu-
man gallbladder bile using lectin affinity chromatography
on concanavalin A, lentil, and Helix pomatia columns and
were added to supersaturated model bile. Independent of
the protein mixtures added, from the cholesterol crystals
harvested, the same four GPs were isolated having molecu-
lar masses of 16, 28, 63, and 74 kD, respectively. Each pro-
tein was purified using preparative SDS-PAGE, and influ-
ence on cholesterol crystallization in model bile was tested
at 10 jig/ml. Crystal growth was reduced by 76% (GP63),
65% (GP16), 55% (GP74), and 40% (GP28), respectively.
Thus, these glycoproteins are the most potent biliary inhibi-
tors of cholesterol crystallization known so far. Evidence
that the inhibiting effect on cholesterol crystallization is me-
diated via protein-crystal interaction was further provided
from scanning electron microscopy studies. Crystals grown
in presence of inhibiting proteins showed significantly more
ordered structures. Incidence of triclinic crystals and regu-
lar aggregates was shifted from 30 to 70% compared with
controls. These observations may have important implica-
tions for understanding the role of biliary proteins in choles-
terol crystallization and gallstone pathogenesis. (J. Clin. In-
vest. 1995. 96:3009-3015.) Key words: gallstone * cholesterol
crystallization , bile * inhibitor * biliary proteins

Introduction

Evidence was provided almost a decade ago that biliary proteins
play an important role in cholesterol crystallization (1-3). By
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combining lectin affinity chromatography and a newly devel-
oped crystal growth assay (4) in a systematic study, various
glycoprotein mixtures were separated from normal human bile,
some of which primarily promoted and others primarily inhib-
ited crystallization (5). Inhibiting activity was most potent in
the Helix pomatia lectin-bound fraction from which a 120-kD
heterodimer glycoprotein was isolated with subunits of 58 and
63 kD (6). Inhibiting potency of the heterodimer, however, was
lower than the effect of total Helix pomatia lectin-bound frac-
tion indicating other inhibitors do exist. In this study we report
a new subgroup of four biliary glycoproteins that adsorb to
cholesterol crystals. Using this feature, we were able to identify
and isolate these proteins from lectin-bound mixtures. All four
glycoproteins are potent inhibitors of cholesterol crystal growth.
Scanning electron microscopy reveals significant differences in
crystal morphology when crystals are grown in the presence
of these proteins. Our studies provide novel insights into the
mechanism of action of biliary inhibitor proteins.

Methods

Chemicals. Sodium salts of taurocholic acid and taurodeoxycholic acids,
a-D-methyl-mannopyranoside, and N-acetyl-a-D-galactosamine were
obtained from Sigma Chemical Co. (St. Louis, MO), cholesterol from
Eastman Kodak (Rochester, NY), and grade I egg yolk lecithin from
Lipid Products (South Nutfield, UK). Concanavalin A (Con A)' Sepha-
rose 4B, lentil lectin-sepharose 4B, Helix pomatia lectin-sepharose 6MB,
Pharmalyt' 3-10, and Immobiline' Dry Strips were obtained from
Pharmacia Fine Chemicals (Uppsala, Sweden). SDS, /3-mercaptoetha-
nol, acrylamide, bisacrylamide, ammonium persulfonate, and TEMED
(N,N,N',N'-tetramethylene diamine) were purchased from Bio-Rad
Laboratories (Richmond, CA). All other chemicals and solvents were
reagent or HPLCgrade quality (Merck AG, Darmstadt, Germany; Fluka
Chemie AG, Buchs, Switzerland; J. T. Baker Inc., Deventer, Nether-
lands). Glassware was washed in warm 2% (vol/vol, 60'C) detergent
solution (PCC-54T; Pierce Chemical Co., Rockford, IL), followed by
methanol washes and thorough rinsing with purified water before drying.
The water was of Milli-Q-quality (Millipore Corp., Bedford, MA).
Solutions were filtered through 0.22-,um micropore filters (Millipore
Corp.) and degassed before use for model bile preparation.

Analytical procedures. Lipids were quantified enzymatically (7-9)
using commercially available kits for bile acids (Nycomed Pharmaceuti-
cals, Oslo, Norway), lecithin (Texas International Laboratories, Hous-
ton, TX), and cholesterol (Boehringer Mannheim, Mannheim, Ger-
many). Protein concentrations were measured using either the Coomas-
sie blue dye-binding assay (Bio-Rad Laboratories) (10) or the
bicinchoninic acid combined biuret method (Pierce Chemical Co.) (11).

1. Abbreviations used in this paper: Con A, concanavalin A; GP, glyco-
protein; IL, concentration index; Ig, growth rate index; TBS, Tris-buff-
ered saline.
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SDS-PAGE. Gels were run in the buffer system described by Laem-
mli (12) in a vertical electrophoresis cell under reducing conditions.
Lyophilized proteins (1 pg) were resolubilized with 10 MI sample buffer
containing 50 mMTris-HCl, pH 6.8, containing 2% (wt/vol) SDS,
10% (vol/vol) glycerol, 10% (vol/vol) l3-mercaptoethanol, 0.004%
(wt/vol) bromphenol blue, and 1 mMEDTAand heated for 10 min at
950C before loading to the gel (polyacrylamide gradient 8-18%, 0.1%
SDS, cell: Biometra' Minigel G-41; Biomedizinische Analytik GmbH,
Gottingen, Germany). After completion of electrophoresis, proteins
were fixed in the gels for 30 min in a watery solution of 40% ethanol
and 10% acetic acid (vol/vol) and stained with silver nitrate (13).

For preparative electrophoresis, 100 jg of lyophilized Helix pomatia
lectin-bound proteins were resolubilized in 100 ,l sample buffer con-
taining 0.2% (wt/vol) SDS, and incubated for 12 h at 250C before
separation in a homogeneous 15%polyacryamide gel (125 x 125 x 0.75
mm3, 0.1% SDS, cell: 2001; LKB, Uppsala, Sweden). Protein bands
were identified using reversible staining (Copper Stain; Bio-Rad Labo-
ratories). Corresponding gel segments were cut, destained, and proteins
were recovered by electroelution (422; Bio-Rad Laboratories) using a
50-mM ammonium bicarbonate/0.005% SDS (wt/vol) elution buffer.
Matched gel segments without proteins were equally processed and used
as equivalent internal control.

Isoelectric focusing and two-dimensional gel electrophoresis. Ana-
lytical isoelectric focusing was performed according to manufacturer's
protocol using gels with immobilized pH gradients (Immobilinet' Dry
Strips, pH gradient 3-10; Pharmacia Fine Chemicals) ( 14). Lyophilized
protein samples (3 pig) were resolubilized before loading to the gel
strips in 8 M urea, 0.5% (vol/vol) Triton X 100, 10 mMDTT, 4%
(vol/vol) Pharmalyte' 3-10, 10% (vol/vol) glycerol, and 8 mM
PMSF. After isoelectric focusing, gel strips were equilibrated twice for
10 min in a buffer solution of 50 mMTris-HCl, pH 6.8, containing 1%
(wt/vol) SDS, 16 mMDTT, 1 mMEDTA, 6 Murea, 30% (vol/vol)
glycerol, and 0.01% (g/vol) bromphenol blue. The strips were then
applied tightly to the stacking gel of a vertical polyacryamide gel (gradi-
ent 8-18%, LKB 2001 cell) and electrophoresis, followed by silver
staining, was carried out as described above.

Protein separation by lectin affinity chromatography. Samples of
human gallbladder bile were obtained by needle aspiration from patients
undergoing cholecystectomy. Only biles of cholesterol gallstone pa-
tients, judged by macroscopic examination of the stones, were used
without further analysis of the biliary lipid concentrations. The collection
protocol of this abnormal bile was approved by the local ethics commit-
tee. Gallbladder aspirates were cultured to exclude bacterial infection
and tested for blood contamination (colo-rectal test; Hoffmann-La
Roche, Basel, Switzerland). Only negative samples were used. Samples
were stored under nitrogen at -70°C up to 6 mo. Pooled bile specimens
were ultracentrifuged for 1 h at 100,000 g at 4°C to remove insoluble
constituents. The soluble phase was directly loaded to either a concanav-
alin A or a lentil lectin column (1 ml bile/I ml gel) and recycled for
12 h. Before loading the sample, columns (50 ml gel in a column of
2.5 x 20 cm) were prewashed with 250 ml 20 mMTris-HCl starting
buffer, pH 7.4, containing 0.2 MNaCl and 3 mMNaN3 as antimicrobial
agent. After recycling, all unbound components were removed from the
column by washing with > 250 ml of starting buffer containing 3 mM
sodium taurocholate until optical density of the eluent reached constant
values. Subsequently, bound fractions were eluted with 250 ml of start-
ing buffer supplemented with 0.25 Ma-D-methylmannopyranoside. The
lectin-bound fractions were concentrated to 10 ml by ultrafiltration, and
buffer was exchanged to 20 mMammonium bicarbonate by diafiltration
on a YM 10 filter (Amicon Corp., Danvers, MA). Aliquots of both
lectin-bound glycoprotein fractions were further purified by chromatog-
raphy on a Helix pomatia lectin column (20 ml gel in 2.5 X 20 cm
column, 0.5 mg protein/ml gel) using the same procedure as described
above. The bound glycoproteins were eluted with 100 ml starting buffer
supplemented with 0.5 MN-acetyl-a-D-galactosamine.

Model bile. Concentrations of stock solutions (taurocholate and cho-
lesterol, both in methanol, and lecithin in chloroform-methanol 2:1 [vol/
vol] ) were determined as described above. Appropriate aliquots of stock

solutions were calculated from Carey's critical tables (15), coprecipi-
tated, dried under nitrogen, and subsequently lyophilized as previously
described (4). The dried lipid film was dissolved in Tris-buffered saline
(TBS) (25 mMTris-HCl, pH 7.45, 150 mMNaCl) containing 3 mM
NaN3. The suspension was then incubated at 60'C for 6 h, and the
clear solution was filtered through a preheated 0.22-pm filter assembly
(Swinny; Millipore Corp.), flushed with nitrogen, and equilibrated to
37TC for 15 min before further use (final parameters: cholesterol satura-
tion index, 1.3; total lipid concentration, 125 g/liter; bile acid/phospho-
lipid ratio, 4:1 ).

Cholesterol crystal growth assay. Cholesterol crystal growth in
model bile was measured as previously described (4). Briefly, aliquots
of proteins or the equivalent control (see SDS-PAGE) were lyophilized
in the reaction vials, resolubilized with 40 jsl TBS, and equilibrated at
37TC. Model bile (460 td) was added to each vial. After flushing with
nitrogen the vials were covered with Teflon-lined screw caps, incubated
at 370C, and shaken at 100 rpm. To determine crystal concentration in
the reaction mixture, an aliquot of 20 MI was diluted with 460 M1 TBS/
10 mMtaurodeoxycholic acid, and absorbance was measured at 500
nmusing a spectrophotometer (Response'; Gilford Instrument Labora-
tories, Inc., Oberlin, OH). For comparison, graphs of each protein were
normalized by setting to the final plateau of each individual control to
unity. Effects of proteins on cholesterol crystal growth were assessed
by the crystal growth rate index Ig (maximum slope of protein curve/
control curve) and crystal concentration index I. (final plateau of protein
curve/control curve) as described previously (4).

Preparation of crystal adsorbed proteins. Aliquots of lyophilized
lectin-bound glycoprotein solutions were resolubilized with 200 tl TBS
before mixing with 2.3 ml freshly prepared model bile. Samples were
kept under nitrogen at 370C and shaken at 100 rpm. After 6 d, cholesterol
crystals were harvested from each sample by filtration through a 0.45-
,um microfilter (Millipore Corp.) To totally remove lipids and impurities
of model bile solution, crystals were resuspended in 10 ml TBS con-
taining 1 mMtaurocholic acid and separated from the solution by centrif-
ugation at 10,000 g at 40C. This procedure was repeated twice. Complete
removal of possibly coprecipitated unbound proteins was checked by
sucrose density gradient centrifugation followed by SDS-PAGE. To
recover bound proteins, crystals were solubilized in 30 ml 2-propanol,
and diafiltration was performed with 300 ml of 2-propanol on a filter
(cut-off 10 kD) (YM 10; Amicon Corp.) to remove cholesterol. The
solution was then concentrated in the Amicon unit to 1 ml, and solvent
was exchanged to 25 mMammonium bicarbonate. The protein solution
was divided into two fractions that were lyophilized and further analyzed
by either SDS-PAGEor two-dimensional-electrophoresis.

Crystal morphology studies. A small amount of washed crystals
was examined by scanning electron microscopy (SEM 515; Philips,
Eindhoven, Netherlands; beam accelerating voltage 20 kV) after air
drying and gold coating. For this purpose, an aliquot of crystal suspen-
sion after the final wash was filtered on 0.22-ytm filter. Probes were
either processed directly or after transfer to glass slides. Distribution of
crystal structures in the populations of the various growth experiments
was quantified by classifying 150 crystals in randomly selected visual
fields under the electron microscope according to the characteristic mor-
phological features discussed in Results.

Statistical analysis. The distribution of cholesterol crystals was ana-
lysed using StatXact (CYTEL Software Corp., Cambridge, MA). Over-
all homogeneity was tested in a 4 by 4 contingency table. Distributions
of crystals grown with effector proteins were individually compared to
control and among each other using the exact test for 2 by 4 contingency
tables. Distribution across the different morphological classes in pres-
ence or absence of effector proteins was tested using Fisher's exact test
for 2 by 2 tables.

Cholesterol crystal growth curves were analyzed using split plot
ANOVAto determine differences between study groups assigning
the time to be the split factor. Sequential multiple comparisons were
performed at the 5%(P < 0.05) level using the procedure of Bonferonni
(16).
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Figure 1. SDS-PAGE
under reducing condi-
tions of the four protein
fractions separated from
abnormal human bile by
various lectin affinity
chromatography. Silver
stain.

Results

Crystal-binding proteins. Protein fractions bound to Con A and
lentil lectins differed significantly in number of bands and rela-
tive distributions of proteins when compared by SDS-PAGE
(Fig. 1), although both columns are supposed to have similar
binding specificity. This is in agreement with separations using
molecular sieving chromatography before lectin affinity chro-
matography (5). Recovery of proteins was 10% for the Con
A and 5%for lentil lectin columns. Using subsequent chroma-
tography on a Helix pomatia lectin column, the protein mixture
separated showed the same number and positions of protein
bands. However, different intensities of individual bands were

observed corresponding to differences in relative amounts of
proteins.

From each of the four lectin-bound fractions we determined
the proteins that attach to cholesterol crystals grown in model
bile solutions at pH 7.45. Independent of the fraction added to
the model bile, we isolated the same set of crystal-binding pro-

teins. This new subgroup is formed by four proteins having
molecular masses of 16, 28, 63, and 74 kD, respectively (Fig.
2, bottom). Each protein band consisted of several isoforms
with pI in the range of pH 6.3-8.3 as determined by two-
dimensional gel electrophoresis. The smeared background in
the range of 50-80 kD resulted from traces of cholesterol in the
crystal-bound protein samples. Comparing the two-dimensional
gels of proteins bound to cholesterol crystals with those of
the lectin-bound proteins that were added to model bile before
starting crystal growth (Fig. 2, top), we found only iso-
forms binding to crystals with pI within ± 1 pH U of the model
bile pH.

Crystal morphology. Scanning electron microscopy studies
were performed to assess changes in crystal morphology when
grown in the presence of effector proteins. Wefound the follow-
ing typical classes of crystals sufficient to characterize popula-
tions of crystals grown in our experiments (Fig. 3).

The basic unit was the platelike crystal showing either the
euhedral triclinic form with straight edges and a smooth surface
or the polycyclic form with multiple cyclic edges and many

screwed and stepwise dislocations (Fig. 3, 1 and 4). These
crystal plates tended to aggregate in a fashion in which the
euhedral crystals mainly formed aggregates orderly aligned
along the main crystallographic axes of the triclinic crystal,
while polycyclic plates preferred random aggregation (Fig. 3,
2 and 5). In addition, we found polycyclic plates radially ar-

ranged thus forming a cluster of - 200 tim opening up widely
into space (Fig. 3, 6). In contrast, we also found radial arrange-

ments of smooth triclinic crystal plates with little free space

between the plates representing small compact microliths (Fig.
3, 3). Remarkably, some euhedral crystals exhibited the shape
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Figure 2. Two-dimensional electrophoresis of the Lentil lectin-bound
fraction (top) and the crystal-binding proteins (bottom). Proteins were
separated in first step using Immobiliner' strips, pH gradient 3-10,
followed by SDS-PAGEunder reducing conditions in the second dimen-
sion as described under methods. Silver stain.

of thick rhombic crystal plates with smooth surfaces and only
few dislocations (Fig. 3, 8). These compact microliths were
observed in particular at the end of the growth experiments and
may be considered as the most effective deposit for cholesterol.
Some concrements were seen with an irregular surface unlike
typical platelike cholesterol crystals. These are referred to as
amorphous concrements in Fig. 3, 9. In addition, only in early
stages of crystal growth, we saw many rodlike structures with
drumsticklike augmentations at one end representing evolving
crystal plates (Fig. 3, 7). These structures have recently been
described by Konikoff et al. (17).

To quantify effects on crystal morphology we determined
the distribution of cholesterol crystals across the characteristic
classes at the end of the various growth experiments. In each
population, we classified 150 crystals in randomly selected vi-
sual fields of the electron microscope. Euhedral crystals and
regular aggregates were combined to one class, and the polycy-
clic crystals and their irregular aggregates to another one. Table
I gives the relative frequencies of crystals in the populations
grown in identical aliquots of supersaturated model bile supple-
mented with the different lectin-bound fractions in comparison
to control.

After spontaneous growth without effectors, we found poly-
cyclic crystals and their random aggregates accounting for 58%
of all crystals. Euhedral crystals and their regular aggregates
were found less frequently (29%). A significant number of
large clusters (5%) was only observed in control populations.
The distribution of amorphous concrements was approximately
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Figure 3. Representative scanning electron micrographs of the characteristic classes of cholesterol crystals. (1) Euhedral triclinic crystal plate; (2)
regular aggregates; (3) compact microliths; (4) polycyclic crystal plates; (5) random aggregates; (6) cluster of radially arranged polycyclic plates;
(7) random aggregates and rodlike structures showing augmentations at one end representing evolving crystal plates; (8) compact triclinic crystal
plate; and (9) amorphous concrement. In the presence of lectin-bound proteins, structures 1-3 and 8 were found most frequently. In control,
structures 4-6 were predominant. Bars represent 100 gm in 2 and 6; 10 gm in all other micrographs.

the same in all experiments. The picture was quite different
when crystals were grown in the presence of lectin-bound biliary
effector proteins. Compared to control, these populations
showed a marked increase in frequencies of regular crystal
forms (60-70%) and a decrease in irregular structures to

- 30%. The incidences of these two classes were almost in-
verted compared to control. Since both Helix pomatia lectin-

Table I. Relative Distribution of the Different Structures of
Cholesterol Crystals

Helix Con A Lentil
Sample Control 100* 500* 500*

% % % %

Polycyclic crystals, random aggregates 581 33 27 28
Triclinic crystals, regular aggregates 29* 59 67 70
Amorphous concrements 8§ 7 6 2
Clusters 511 1 0 0

Relative distribution of the different structures of cholesterol crystals in
the populations harvested from model bile after spontaneous growth
(Control) compared to crystals grown in presence of three biliary ef-
fector protein fractions (bound to Helix pomatia, Con A, and lentil
lectins). * Micrograms protein per milliliter model bile; I P < 0.001;
§ not significant; 11 P < 0.004.

bound fractions induced the same effect on crystal morphology,
the numbers in Table I represent mean values. Statistical analy-
sis revealed a highly significant overall difference in distribution
across the morphological classes (P < 0.001 ). All three protein-
related distributions were significantly different from control (P
< 0.001) but not among each other (P > 0.1). Therefore, the
three protein-related distributions were collapsed into one
group, and the four morphological classes were compared to
those of the control condition using Fisher's exact test for 2 by
2 tables. Polycyclic crystals and random aggregates (P
< 0.001) as well as clusters (P < 0.004) were significantly
more frequent in control, whereas triclinic crystals and regular
aggregates were significantly less frequent (P < 0.001 ). There
was no significant difference in the incidence of amorphous
concrements.

Cholesterol crystal growth. The four glycoproteins that had
been identified by the crystal-binding studies were individually
purified from the Helix pomatia lectin-bound fraction of abnor-
mal human bile using preparative SDS-PAGE. A single band
for each of the four glycoproteins was obtained as estimated by
analytical SDS-PAGEgel with silver staining (Fig. 4). To as-
sess their influence on cholesterol crystallization, we tested each
protein at a final concentration of 10 jig/ml using the crystal
growth assay in model bile (4). Control curves were measured
in triplicate and protein-related curves were measured in dupli-
cate. Growth curves were normalized to the final plateau of

3012 Busch, Lammert, Marschall, and Matern



MW
[kD]

94-
67-
43-

30-

20.1-

14.4-

Standard GP63 GP74 GP28 GP16

Figure 4. SDS-PAGEunder reducing conditions of the four crystal-
binding glycoproteins after purification from the Helix pomatia lectin-
bound fraction using preparative SDS-gel electrophoresis. Silver stain.
GP63, GP74, GP28, and GPJ6 refer to the four glycoproteins having
molecular masses of 63, 74, 28, and 16 kD, respectively.

each individual control curve. Compared to control, all four
proteins proved to be potent inhibitors of cholesterol crystalliza-
tion (Fig. 5). Both maximal crystal growth rate index Ig and
final crystal concentration index Ic were significantly reduced
by all four proteins. The most potent effect was measured for
the 28-kD glycoprotein (GP28: Ig = 0.39, IC = 0.46) followed

by the 74-kD glycoprotein (GP74: 1g = 0.56, I,= 0.61), and
the 16-kD glycoprotein (GP16: Ig = 0.63, Ic = 0.69). The
inhibiting effect was lowest for the 63-kD glycoprotein (GP63:
Ig = 0.67, Ic = 0.73).

Discussion

Biliary proteins, either promoting or inhibiting cholesterol crys-
tallization, are assumed to contribute to a balance of effects
influencing the physical chemistry of supersaturated bile thereby
modifying nucleation and growth of crystals ( 18, 19). These
crystals probably agglomerate via mucin glycoproteins before
forming mature cholesterol gallstones (20, 21).

Progress in purifying biliary effector proteins had been slow
until lectin affinity chromatography was introduced to separate
glycoproteins from bile (22, 23). Since then several crystalliza-
tion-promoting proteins have been reported. These include a
130-kD glycoprotein (23) which recently was shown to be
aminopeptidase N (24), biliary Igs (25), a-1 acid glycoprotein
(26), phospholipase C (27), and fibronectin (28). As to inhib-
iting activity, however, only a 120-kD heterodimer glycoprotein
with subunits of 58 and 63 kD was isolated from Helix pomatia
lectin-bound proteins of normal human bile (6).
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Figure 5. Comparative effect of the isolated glycoproteins (10 Mig/ml) on cholesterol crystal growth curves in model bile. Crystal concentrations
are proportional to the absorbance of the samples measured at 500 nm. Graphs were normalized by setting the plateau of each individual control
of the independent experiments to unity [Extinction (E) (500 nm) - norm]. Control curves are given as mean+SD (n = 3). Each experimental
curve is given as mean (n = 2). Differences between control and experimental curves were statistically significant: P = 0.001 for GP28, GP63,
and GP74; P < 0.05 for GP16. Growth curve indices were calculated from measured values for each glycoprotein: GP74: Ig = 0.56, IC = 0.61;
GP63: Ig = 0.67, I,

= 0.73; GP16: Ig = 0.63, I = 0.69; GP28: Ig = 0.39, IC = 0.46.
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Wereport new data on inhibition of cholesterol crystalliza-
tion by biliary proteins. A new subgroup of four glycoproteins
was isolated from different lectin-bound protein fractions that
were known to contain both promoting and inhibiting factors
of cholesterol crystallization (5). The unique quality that we
used to identify and isolate this subgroup of proteins was their
ability to bind to cholesterol crystals, therefore we refer to these
compounds as crystal-binding proteins. Analysis of the lectin-
bound protein fractions compared to the crystal-binding proteins
by two-dimensional electrophoresis demonstrated that all four
glycoproteins consist of several isoforms. Only those with pl
within a range of ±1 pH U around the pH of the model bile
were capable of crystal binding. All four proteins were enriched
using Helix pomatia lectin affinity chromatography, which is
supposed to preferentially bind N-acetyl-a-D-galactosamine res-
idues (29).

The four glycoproteins proved to be potent inhibitors of
cholesterol crystal growth in model bile (Fig. 5), actually the
most potent inhibitors isolated from human bile so far. They
reduced the kinetics of crystallization (growth rate) and the
final crystal concentration with the 28-kD protein showing the
strongest inhibiting effect. Even our protein with the lowest
inhibiting potency performed better than the recently reported
58/63-kD heterodimer (6). Promoter proteins, although known
to be present in the lectin-bound protein fractions (5), were not
found among the crystal-binding proteins.

Crystal morphology was significantly changed in the pres-
ence of lectin-bound proteins favoring growth of euhedral tri-
clinic crystals with smooth surfaces which tended to form regu-
lar aggregates or compact microliths. Wefound similar forms
of crystals as those described by Toor et al. (30), who reported
an increase in incidence of irregular polycyclic crystals with
multiple spiral, edge, and stepwise dislocations when choles-
terol supersaturation of model bile was raised. Using a supersat-
urated model bile with a cholesterol saturation index of 1.3, we
found that these types of crystal structures predominated in the
control experiment but were significantly less frequent in the
presence of effector proteins. The crystal morphology we de-
scribe is also in agreement with other scanning electron micros-
copy studies of native and model human biles (31, 32).

The four proteins form a new subgroup of inhibitors among
the lectin-bound protein fractions of human gallbladder bile.
Since only isoforms with no or weak charges at the pH of model
bile are found on the crystals, we concluded that the binding
of proteins to cholesterol crystals is controlled by hydrophobic
interactions. Proteins might attach to the most rapidly growing
sites of the crystals, like spiral and step dislocations (30) of the
thermodynamically stable monohydrate plates. However, they
might also interfere with other rapidly growing sites of struc-
tures found in early cholesterol crystallization ( 17). This mech-
anism would require only small amounts of inhibitors. Also the
final crystal concentration would be decreased, since a higher
activity of free cholesterol in bile would be required for further
apposition of cholesterol molecules to the crystal (33, 34). This
interpretation is supported by the changes of both crystal growth
curve parameters, and, recalling the data on cholesterol crystal
structure and growth thermodynamics (35, 36), could explain
the observed preference for compact euhedral crystals.

Other evidence has been reported which indicates the special
property of glycoproteins to inhibit crystal growth in biological
systems. In sera of polar fish, "antifreeze proteins" prevent the
formation of ice (37, 38). They presumably adsorb to ice crys-

tals, thus inhibiting the normal propagation of ice-growth steps
or layers across the surface (39). A similar mechanism may
also apply to freeze tolerance in insects (40). Glycoproteins
regulate the precipitation of calcium salts in bone and dentin
formation (41). Regarding stone formation in humans, three
different inhibitor proteins of calcium carbonate or oxalate pre-
cipitation have been isolated: a 14-kD glycoprotein inhibitor
prevents formation of calcium oxalate nephrolithiasis in healthy
subjects (42, 43), a small acidic glycoprotein from human pan-
creatic calculi inhibits calcium carbonate precipitation (44, 45 ),
and, finally, a small (< 10-kD) glycoprotein isolated from cho-
lesterol gallstones tightly binds bile pigment and strongly inhib-
its precipitation of calcium carbonate in vitro (46).

Preliminary data from our laboratory indicate that the cho-
lesterol crystal-binding proteins are subunits of polymeric hu-
man IgA (47, 48). A full characterization of these proteins is
currently prepared for publication.

The observations reported in this paper may contribute to
the understanding of cholesterol gallstone pathogenesis. The
irregular aggregates and the clusters of crystals that predomi-
nated in the populations grown without inhibitor proteins may
form a nidus for deposition of biliary mucus, pigment, and
precipitates of calcium and its sensitive anions, bilirubinate and
carbonate. All these compounds, which are major constituents
of biliary sludge (49), are almost always found in the centers
of cholesterol gallstones (50). Wefound inhibitor proteins in-
creasing the frequency of compact crystals and regular aggre-
gates even in those samples that contained potent antagonistic
promoting factors (5). Compact crystals may be considered as
the most effective deposit for cholesterol in bile and are nor-
mally removed by gallbladder contraction. In human gallstone
disease, highly correlated with gallbladder motor dysfunction
(51), these crystals may accumulate in bile and provide the
substrate for gallstone formation. The observed crystal morphol-
ogies correlate to scanning electron microscopy studies of hu-
man gallstones (52), showing a well-ordered arrangement of
compact crystals in slowly growing solitary cholesterol gall-
stones. In contrast, in fast-growing multiple cholesterol stones,
unsettled crystals forming random aggregates were found being
radially arranged in a perpendicular position to the center of
the hemisphere.

Weconclude that depending on the balance of promoters
and inhibitors in bile inhibiting activity either impedes choles-
terol crystallization or retards subsequent mechanisms of gall-
stone formation thus favoring well-ordered arrangements of
stone-forming crystals.
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