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Effects of taurocholate on the size of mixed lipid
micelles and their associations with pigment and

proteins in rat bile’

A. Reuben, K. E. Howell,? and J. L. Boyer

Liver Study Unit, Department of Medicine, Yale University School of Medicine, New Haven, CT

Abstract Mixed lipid micelles were isolated from rat bile on
taurocholate-equilibrated Sephadex G100 and G200 columns
(5-60 mM) to study relationships between lipids and other
constituents of bile. Phospholipid, cholesterol, and a bile salt
peak co-cluted as mixed micelles at all taurocholate concen-
trations. The micellar radius, derived from the elution profile,
increased progressively from ~1.6 nm to ~3.5 nm when the
column taurocholate concentration was reduced from 40-60
mM to 5 mM (the physiological range for rat bile). Biliary bile
pigment and bromsulphthalein, added in vivo, eluted as self-
aggregates that were smaller than the lipid micelles. In con-
trast, on bromsulphthalein-equilibrated columns, unconju-
gated bromsulphthalein associated weakly with lipid micelles
but this association accounted for less than 10% of the un-
conjugated dye in bile. No associations were found between
lipid and proteins when SDS-polyacrylamide gel electropho-
retic polypeptide patterns of column fractions were compared
with the lipid elution profiles at different taurocholate con-
centrations. Two high molecular weight protein aggregates
were demonstrated in bile (>222,000 M,) by Sephadex G200
chromatography Bl These studies provide a reliable estimate
of rat bile lipid micelle size and suggest that bile pigment,
bromsulphthalein and proteins do not form strong associations
with biliary mixed micelles but exist in bile predominantly as
self-aggregates.—Reuben, A., K. E. Howell, and ]. L. Boyer.
Effects of taurocholate on the size of mixed lipid micelles and
their associations with pigment and proteins in rat bile. J. Lipid
Res. 1982. 23: 1039-1052.
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The complex nature of bile has stimulated many stud-
ies of its physicochemical properties and of the inter-
actions that occur among its constituents. Extensive in-
vestigations have been concerned with the behavior of
bile salts and bile salt-lipid micelles (1-3), but relatively
little attention has been given to the relationship be-
tween the lipids, organic anions, and proteins. Early
studies suggested the existence of macromolecular com-
plexes in bile composed of lipids, pigment, and proteins
(4-8) but these were overlooked thereafter, in favor of
bile salt-lipid micelles. Recently it has been suggested

that the biliary secretion of many low molecular weight
organic compounds is enhanced by self-aggregation or
by their association with the mixed micelles in bile (9,
10). Although the formation of self-aggregates is well
documented for organic anions such as bilirubin and
bromsulphthalein (BSP) (10-12), the association be-
tween organic anions and biliary lipid micelles is con-
troversial (13). In addition, the formation of lipid-pro-
tein complexes has been proposed as a possible mech-
anism by which biliary lipids are transported within the
hepatocyte and these may also be secreted into bile (14-
18). Ample precedents exist for lipid-protein associa-
tions in cell membranes (19) and serum lipoproteins
(20), but biliary lipoproteins and intracellular lipopro-
teins destined for bile have not been definitely de-
scribed.

In the present study, we have examined the inter-
actions between biliary lipids, organic anions, and pro-
teins in rat bile utilizing gel filtration chromatography
as the major technique. Bile salt solutions were used for
both column equilibration and elution in order to main-
tain micellar integrity. The bile salt concentration was
varied to change the size of the lipid micelles, and thus
their elution profiles, which enabled comparison with
the elution profiles of pigments and proteins. Sucrose
density gradient ultracentrifugation and transmission
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electron microscopy (TEM) were also used in a few par-
allel experiments.

MATERIALS AND METHODS

Collection and handling of bile samples

Fed male Sprague-Dawley rats (Charles River Lab-
oratories, Wilmington, MA) weighing between 220 and
350 g and anesthetized with sodium pentobarbitone,
were used in all the experiments. Bile was collected by
drainage following biliary cannulation with polyethyl-
ene tubing (PE-10 Clay-Adams Division of Becton, Dick-
inson, Parsippany, NJ). The abdominal incision was
closed to reduce fluid loss during bile collection and
body temperature was kept at 37°C with an overhead
infrared lamp. Contamination with pancreatic secretion
was avoided by careful ligation of the bile duct above
the level of the pancreas. All bile secreted within 15
min of completion of surgery was discarded. Sample
purity was confirmed on subsequent sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
by the absence of a typical pancreatic exocrine protein
pattern (21).

Bile was collected at room temperature and used
within 2 hr in the initial gel filtration studies. Subse-
quent experiments established that the biliary protein
composition was consistent during 6 hr of continuous
biliary secretion. Furthermore, no changes occurred in
the elution profiles of lipids and pigment (apart from
some loss of color absorbance) or in the electrophoretic
pattern of the proteins, following at least 2 weeks stor-
age with sodium azide at 4°C. Therefore, all the gel
filtration studies, which examined the relationships be-
tween mixed lipid micelles and proteins, were per-
formed sequentially on the same chromatography col-
umn with aliquots from a pooled sample of bile, col-
lected from two rats for 6 hr each and used within 10
days. This allowed a direct comparison of the protein
elution profiles and electrophoretic patterns from ex-
periments with different eluant bile salt concentrations.
Only fresh samples were used for ultracentrifugation
and electron microscopy.

Rat bile containing bromsulphthalein (BSP; Hynson,
Westcott and Dunning, Baltimore, MD) was prepared,
in vivo, by the constant intravenous infusion of a 2 mM
BSP solution (1.67 mg per ml in 0.15 M NaCl) given
at a rate of 0.12 gmol min~' (100 ug min™"), which is
below the transport maximum for BSP (22).

Gel filtration chromatography
Thirty-six gel filtration experiments were performed

in K-9 or SR-10/50] columns (Pharmacia Fine Chem-
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icals, Uppsala, Sweden) containing between 19 and 39
ml of swollen Sephadex G100 (Pharmacia Fine Chem-
icals) pre-equilibrated at room temperature with three-
column volumes of the solution subsequently used for
elution. The electrolyte composition (Na* 125 mM, CI~
105 mM, K* 5 mM, and HCO;3~ 25 mM) (10) and bile
salt concentration of the solution were chosen to mimic
the physiological conditions of rat bile (23).

In all of these experiments, the void volume of the
column (V,) was first determined with blue dextran
(molecular weight 2 X 10% M,, Pharmacia Fine Chem-
icals) and the total volume of the column (V,) was mea-
sured from the complete elution volume of [*Clsucrose,
which was mixed with the test sample prior to chro-
matography (0.015-0.05 uCi, in 30-100 ul water, New
England Nuclear, Boston, MA). The bile samples were
not otherwise modified prior to chromatography, ex-
cept where explicitly stated. Bile (0.4 to 3.0 ml) (1-5%
bed volume) was applied to the column for descending
chromatography. The eluate fractions of 1-1.5 ml were
analyzed for phospholipid, radioactivity, and one or
more of the following: protein, bile pigment, choles-
terol, bile salts, and BSP. To vary the size of the bile
salt-lipid micelle sufficiently to change its elution profile,
different bile salt concentrations were used for column
equilibration and elution: 0, 5, 10, 15, 20, 30, 40, and
60 mM sodium taurocholate, (A grade, 97% pure by
TLC, Calbiochem-Behring, La Jolla, CA) with two to
nine replicates at each column condition. The resulting
elution patterns of the lipids, proteins, and bile pigments
were then compared.

In each experiment, an approximate distribution
coefficient, K,, (24), was calculated with the formula K,,
=V, — Vyo/V, — V, for both phospholipids and pig-
ments, using the appropriate elution volume (V) and
column parameters, Vo and V,, defined above. High
molecular weight substances elute rapidly from the col-
umn and therefore have low elution volumes with a low
K.,, whereas the converse is true for substances of low
molecular weight. Molecular size calibration of the col-
umns was made with globular protein standards, com-
prising proteins in the molecular weight range 13,700~
222,000 (Pharmacia Fine Chemicals). Calibration mea-
surements were made in the presence (20 mM NaTC)
and absence of bile salts with similar results.

To examine the behavior of an exogenous organic
anion, bile from rats infused with BSP was submitted
to gel filtration in two concentrations of sodium tau-
rocholate (5 and 30 mM), selected because clear-cut
differences in the mixed lipid micelle elution pattern
had already been obtained. Control chromatograms of
unconjugated BSP alone were also obtained on 30 mM
NaTC columns. In addition, rat bile containing BSP
added in vivo was chromatographed on columns that
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were pre-equilibrated and eluted with 30 mM NaTC-
electrolyte solutions containing 3 or 6 mM unconju-
gated BSP.

Three additional column chromatography experi-
ments were undertaken to analyze protein behavior in
greater detail. In the first of these experiments using
Sephadex G100, calcium (1.95 mM), magnesium (1.15
mM), and phosphate (0.0625 mM) were added to a 30
mM NaTC eluant, to assess the effects of these other
major inorganic salts (at the concentrations found in rat
bile) on the peptide patterns in column fractions. Next,
a G200 Sephadex column (105 cm long, 68 ml bed
volume) was used to increase the resolution of protein
and lipid elution profiles in the presence (30 mM NaTC)
and absence of bile salts. In the final column experi-
ment, following G100 gel filtration of bile with a bile
salt-free eluant, the void volume fractions were pooled
and lyophilized. The dry sample was dissolved in 2 ml
of 30 mM NaTC electrolyte solution and resubmitted
to gel filtration on G100 Sephadex using 30 mM NaTC
eluants, in order to determine if the additional protein
that appeared in the void volume when bile salts were
absent would elute later in the columns, when the mixed
lipid micelles were reconstituted.

Ultracentrifugation

The relationship between mixed lipid micelles and
organic anions was also examined in three ultracentri-
fugation experiments, as previously described (10). A
continuous sucrose density gradient (5—-30% w/v), in 5,
15, or 30 mM sodium taurocholate-electrolyte solution,
was prepared in 3% in X 9/16 in cellulose nitrate cen-
trifuge tubes (Beckman Instruments Inc., Spinco Divi-
sion, Palo Alto, CA). ['*C]Taurocholate (Tauro [Car-
bonyl-'*C]cholic acid sodium salt 0.625-1.25 uCi,
Amersham Corporation, The Radiochemical Center,
Amersham, England) was added in 25-u] aliquots to 0.5-
ml samples of fresh bile, in order to label the bile salts.
Samples were layered on to each gradient prior to spin-
ning in an SW41 rotor at 40,000 rpm and 16°C, in a
Beckman L5-65 ultracentrifuge. After centrifugation
for 16, 60, or 90 hr, eighteen 0.68-ml fractions were
collected from the top of each tube using.a Buchler
Auto-densi-flow fractionator (Buchler, Fort Lee, NJ,
Instrument Division of Nuclear-Chicago) and assayed
for phospholipid, ['*Cltaurocholate radioactivity, and
bile pigment concentration.

Electron microscopy

Samples of undiluted fresh whole bile and peak phos-
pholipid and pigment column fractions were examined
by TEM in a Siemens Elmiskop 102, after negative stain-
ing with 3% phosphotungstic acid, buffered to pH 7.4.

Analytical techniques

Phospholipids were estimated by measuring total
phosphorus with the method of Bartlett (25). Total bile
salt concentration was determined using a 3a-hydrox-
ysteroid dehydrogenase assay (26) with NaTC standards
(hydroxysteroid dehydrogenase was obtained from
Worthington-Millipore Corporation, Freehold, NJ) and
cholesterol was measured by gas-liquid chromatogra-
phy (27) using a Hewlett-Packard 5830A gas chro-
matograph (Hewlett-Packard, Avondale, PA) with a 6
ft X % in X 4 mm L.D. column of 3% OV17 on Chro-
masorb WHP 100/120 mesh; injection and detector
temperatures 300°C, column temperature 275°C, hy-
drogen and nitrogen flow rates of 45 ml min™" and air
flow of 300 ml min™".

Bilirubin was measured as total bile pigment by ab-
sorption spectrophotometry at 400 nm, close to the ab-
sorption maximum (410-420 nm) obtained with both
diluted whole rat bile (fresh and stored) and column
eluate fractions containing bile pigment but no phos-
pholipid or cholesterol. In each case, an identical ab-
sorption spectrum was found for bile pigment. Total
BSP in bile and column fractions was quantified by the
method of Seligson, Marino, and Dodson (28). Uncon-
jugated and conjugated BSP were separated by TLC
and identified using a combination of ultraviolet light
fluorescence and ninhydrin or ammonia staining (29).
'#C Radioactivity was measured using liquid scintillation
counting with external standardization for quench cor-
rection (Beckman LS 7,000).

An approximate elution profile for biliary proteins
was obtained using the Coomassie Blue binding reaction
(30) (BioRad protein assay, BioRad Laboratories, Rich-
mond, CA), as it is a rapid sensitive test. In common
with other dyes (31, 32), Coomassie Blue reacts with
bile salts in the concentrations found in bile and those
used in the gel filtration experiments. Therefore, ap-
propriate aliquots of the eluants used for column chro-
matography were added to the standard curve protein
samples (bovine gamma globulin, Sigma Chemical Co.,
St. Louis, MO). Proteins were examined more specifi-
cally by SDS-PAGE in a linear 1.5-mm-thick 5-16%
acrylamide gradient slab (pH 8.9), modified from the
method of Maizel (33). The proteins in whole bile were
either precipitated with 90% cold acetone or lyophi-
lized. Single or pooled sequential pairs of column frac-
tions (1.3 to 1.7 ml) were also lyophilized. All samples
were solubilized in 180 ul of a medium containing 100
pl Tris-phosphate buffer, pH 6.7 (33), 5.6 mM EDTA,
and 2.2% SDS (final concentrations), in both reducing
(dithiothreitol and iodoacetamide, 55.6 mM each) and
non-reducing conditions. Sucrose (0.33 M) was included
to increase sample density, together with bromphenol
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blue as an electrophoretic marker. Half of this solution
(90 ul) was applied to the 3% acrylamide stacking gel
(pH 6.7) and electrophoresis was carried out at room
temperature for ~15 hr at ~25 mAmp constant cur-
rent using a pH 8.9 Tris-glycine buffer (33). All samples
were solubilized completely except for fractions from
bile salt-free columns. The addition of sodium tauro-
cholate before lyophilization (final concentration 20
mM) solved this problem. The polypeptide bands were
detected by staining with Coomassie Brilliant Blue, pe-
riodic acid-Schiff reagent (34, 35), or silver nitrate (36).
As a check on the stability of the biliary proteins, these
were also examined after collection of bile directly into
chilled acetone or into tubes containing various proteo-
lytic inhibitors: Trasylol, 3,000 KIU ml™!; leupepsin and
pepstatin, each 1 pg ml™'; and phenylmethylsulphonyl
fluoride, PMSF, 0.1 mM with sodium tetrathionate,
NaTT, 5 mM. Standard molecular weight markers were
run simultanéously as well as preparations of rat lipo-
protein apoproteins (VLDL, HDL, and serum proteins
of density > HDL), for comparison with the proteins in
bile and elution fractions.

RESULTS

Whole bile was subjected to gel filtration and lipid,
pigment, and protein peaks were resolved. Each of the
individual elution profiles was highly reproducible at a
given eluant bile salt concentration but showed great
variation when different eluant bile salt concentrations
were used. In the results shown below, data are first
given from which the estimates of bile salt-lipid micelle
size are calculated. Evidence is then presented that sug-
gests that organic anions (such as bile pigment and BSP)
and most of the biliary proteins are present in bile as
aggregates and do not form strong associations with
lipid micelles in the physiological concentrations of bile
salts used in these studies.

Bile salt-lipid mixed micelles

Under all conditions tested, all the phospholipids and
cholesterol in bile co-eluted from the columns in a single
peak as shown by the examples in Fig. 1. A bile salt
peak also co-eluted with the phospholipids and choles-
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Fig. 1. Sephadex G100 gel filtration chromatography of rat bile. Samples (1.0 ml) from a common pool of bile containing 16 mM bile salts,
1.6 mM phospholipid, and 0.29 mM cholesterol were applied to columns that had been pre-equilibrated and were subsequently eluted, at 0.31
ml min™", with bile salt-electrolyte solutions containing 30 mM (top), 10 mM (middle), or 0 mM (bottom) sodium taurocholate (NaTC). Phos-

pholipid (@

@), cholesterol (O

O), bile salt (— - —), protein (O —— O}, and bile pigment (- - - - « ) concentrations are shown on the

ordinate. Cholesterol and phospholipid were only detected in the micelle fractions. The position of the phospholipid peak was used as a marker
of the elution volume of the mixed lipid micelles in bile. The bile salt peak on a 0 mM NaTC column is shown by the shaded area. Column
fractions (ml), including void volume (Vo) and total volume (V,), are shown on the abscissa.
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terol, unless sodium taurocholate-free eluants were
used. The co-migration of these three components in-
dicates that bile salt-phospholipid-cholesterol mixed
micelles have been isolated. The approximate distribu-
tion coeflicient (K,,) for these micelles (calculated from
the elution volume of the phospholipid peaks) varied
linearly with the bile salt concentration used for elution,
between 5 and 40 mM NaTC, but did not increase with
higher concentrations, as shown in Fig. 2. Thus, there
was an inverse relationship between the intermicellar
bile salt concentration and the micelle K,, and hence,
the apparent micellar radius. The latter ranged from
~1.6 nm (K,, 0.47 £ 0.05SDn =7, 40-60 mM NaTC)
to ~3.5 nm (K,, 0.07 £ 0.03 SDn = 4, 5 mM NaTC).
Size estimates were made by comparison with globular
protein standards.

The bile salt concentration in the mixed micelle peak,
and consequently the micellar bile salt:lecithin ratio,
varied directly with the NaTC concentration used for
column elution. At eluant bile salt concentrations
greater than those of the bile samples (~15 mM), it
appeared that bile salts were induced into the mixed
lipid micelles, as suggested by the high peak bile salt
concentrations (Fig. 1, top). Bile salts dissociated com-
pletely from phospholipid and cholesterol when bile salt-
free eluants were used (Fig. 1, bottom), resulting in a
substantial increase in size of the phospholipid-choles-
terol complexes, i.e., liposomes were produced that
were excluded by both Sephadex G100 and G200 gels
and thus appeared in the void volume.

Bile pigment and BSP

When the columns were equilibrated and eluted with
high bile salt concentrations (30-60 mM NaTC), the
bile pigment eluted soon after the phospholipid peak,
presumably in aggregated form (Fig. 1, top) since, ac-
cording to molecular weight, monomers (585 M,) and
dimers should elute at the total volume of a G100 Se-
phadex column (V,). In contrast to the lipids, the pig-
ment peak was broad, probably indicating that a range
of multimers was present, because at high bile salt con-
centrations adsorption to the gel was not detected (Fig.
1, top). When the bile salt concentration was progres-
sively lowered, elution of the bile pigment peak was
delayed (Fig. 2) and adsorption to both gel and proteins
became noticeable. This was most marked in bile salt-
free conditions (Fig. 1, bottom), when much of the pig-
ment eluted with the total column volume (as indicated
by the elution profile of ['*Clsucrose) and “‘trailing” on
the column was pronounced. In addition, up to 13% of
the pigment was excluded from the gel and appeared
in the void volume together with the lipids and proteins.
The relationship between the distribution coefficient
(K,,) of the major pigment peak and bile salt concen-
tration was less exact than that for the lipids and, in
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Fig. 2. Effect of bile salt concentration on the elution behavior of bile
pigment and lipid micelles of rat bile, on Sephadex G100 gel filtration
chromatography. K,, values of bile pigment (A) and phospholipid
(@), obtained by Sephadex G100 gel filtration chromatography of rat
bile, are plotted on the ordinate against the NaTC concentration in
mM on the abscissa. The least squares linear regression curves for bile
pigment (y = 0.84 — 0.0062x,n = 17, r = 0.72, P < 0.001) and phos-
pholipid (y = 0.27 + 0.012x, n = 29, r = 0.97, P < 0.001) are shown
by the solid lines, for NaTC concentrations between 5 and 40 mM
inclusive.

contrast, showed regression in the opposite direction
(Fig. 2). In other words, while the lipid micelles dimin-
ished in size with the increase in bile salt concentration,
the pigment aggregates increased in size.
Chromatography of bile containing BSP (added in
vivo) gave a two-component elution profile in 30 mM
NaTC on columns that were not equilibrated with BSP
(Fig. 3), suggesting the presence of two molecular
weight populations of the dye. An early peak or shoul-
der (as in Fig. 3), representing ~20% of the BSP in
bile, coincided with the elution volume of unconjugated
BSP (chromatographed without bile). This was con-
firmed by TLC of the column fractions. As with the bile
pigment, the elution of unconjugated BSP, prior to the
total column volume, suggested that unconjugated BSP
eluted in an aggregated form. The later peak, eluting
in the total column volume (together with [**C]sucrose)
was composed of BSP conjugates on TLC (Fig. 3). In
5 mM NaT(, a single elution peak of BSP was seen that
extended beyond the total column volume, indicating
that adsorption to the gel had now occurred at the lower
bile salt concentration. When the bile containing BSP
was chromatographed on columns equilibrated with 30
mM NaTC and either 3 mM or 6 mM unconjugated
BSP, a small peak of BSP co-eluted with the lipid mi-
celles. Allowing for the differences in molar concentra-
tions of bile salts and BSP in the column eluants, the
association between BSP and the mixed micelles ap-
peared to be less than one-third of that of bile salts for
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Fig. 3. Sephadex G100 gel filtration chromatography of rat bile con-
taining bromsulphthalein (BSP). One ml of bile, containing 4.6 pmol
of BSP, added in vivo, was applied to a column that had been pre-
equilibrated and was subsequently eluted at 0.30 ml min~", with a bile
salt-electrolyte solution containing 30 mM NaTC but no BSP. Phos-
pholipid, bile salt, and BSP concentrations are shown on the ordinate;
cholesterol (as in Fig. 1) is omitted for clarity. The elution profile of
unconjugated BSP, run separately, is shown as a small BSP curve with
a single peak in fraction #32. TLC results for unconjugated and con-
jugated BSP in column fractions are shown schematically on the ab-
scissa by the open and closed diamonds, respectively. In addition to
the column fractions, void volume (V) and total column volume (V)
are shown.

the phospholipids and cholesterol and accounts for less
than ~10% of the unconjugated BSP in bile.

Sedimentation profiles of bile lipids, pigment, and
pure bile salt micelles, after 60 hr centrifugation in su-
crose gradients containing 5, 15, and 30 mM NaTC are
illustrated in Fig. 4. At each bile salt concentration, the
lipids sedimented to a higher sucrose density (1.043 to
1.047 gm/ml) than either the pigment or pure bile salt
micelles. This separation occurred if centrifugation was
performed for only 19 hr, or continued for 90 hr. Den-
sity equilibrium was not reached for any component, as
previously reported by Scharschmidt and Schmid in sim-
ilar experiments (see Fig. 3 of Reference 10). The den-
sity difference between the mixed lipid micelle and the
bile pigment increased as the bile salt concentration was
reduced. This reflects a change in the density of the
pigment aggregate (Fig. 4) since no significant change
in the density of the mixed lipid micelle could be de-
tected in 5, 15, or 30 mM NaTC.

Transmission electron microscopy of negatively
stained images of bile and gel filtration fractions showed
two populations of particles, whose size varied consid-
erably in all samples examined (16-33 nm and 44-83
nm). Neither particle could be identified as lipid or pig-
ment aggregates, however, because particles of both size
ranges were seen in either the pure lipid or pigment
peaks from the columns. In addition, the size of these
particles was 10-20 times larger (by TEM) than the
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estimates for either the lipid micelles or pigment ag-
gregates, given by column chromatography.

Proteins

Most of the biliary proteins eluted in the void volume
of Sephadex G100 columns (Fig. 1), indicating that they
were in a high molecular weight form, exceeding M,
60,000-70,000. Two secondary “‘false’” peaks were also
seen, due to the reaction between bile salts and the
Coomassie Blue protein reagent. The first of these peaks
is due to the bile salt peak of the mixed lipid micelles
(Fig. 1, top), while the second peak appears in the total
volume of the column and, as noted earlier, is due to
bile salts that have dissociated from the bile sample at
low column bile salt concentrations (Fig. 1, bottom).

SDS-PAGE of the proteins in bile, without disulfide
bond reduction, showed approximately 14 polypeptide
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Fig. 4. Sucrose density gradient ultracentrifugation of rat bile. Ali-
quots (0.5 ml) of rat bile, containing '*C-labeled NaTC, added in vitro,
were layered over 11.7 ml, 5-30% (w/v) continuous sucrose gradients
and centrifuged at 16°C at 40,000 rpm for 60 hr with a Beckman L5-
65 ultracentrifuge in an SW41 rotor. The gradients were prepared
by dissolving sucrose in bile salt-electrolyte solutions containing 5 mM
(top), 15 mM (middle), and 30 mM (bottom) NaTC. Bile pigment,
phospholipid, and '*C-radioactivity are expressed on the ordinate as
percent of peak values. Sucrose density (g ml™" at 15°C) of the 0.68
ml gradient fractions, is shown on the abscissa. Peak values (top to
bottom): a), bile pigment: 0.295; 0.340; 0.405 O.D. units at 400 nm;
b), phospholipid: 0.38; 0.32; 0.28 umol/fraction; c), '*C-radioactivity:
155,475; 155,475; 156,142 dpm/fraction.
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Fig. 5. SDS-PAGE of the proteins of rat bile. SDS-PAGE (33) of the proteins from 167-ul samples of lyophilized
fresh rat bile, or bile collected in the presence of various proteolytic inhibitors or into chilled acetone (see key
below). All the samples were obtained from two animals. Both nonreducing (lanes 3 to 7 inclusive) and reducing
conditions (lanes 1,2 and 8-15, inclusive) were used during protein solubilization, prior to electrophoresis. SDS-
PAGE of rat serum apolipoproteins (see key) is also shown, together with standard molecular weight markers
(lane 8): myosin (M, 200,000), phosphorylase b (M, 92,500), bovine serum albumin (M, 68,000), ovalbumin
(M, 43,000), cytochrome ¢ (M, 12,300), (Bethesda Research Laboratories Inc., Rockville, MD).

bands on Coomassie Blue staining (Fig. 5, lanes 3-7
inclusive, and Table 1). When disulfide bond reduction

TABLE 1. Key to lanes in Fig. 5

and alkylation were included in the method, over 25 it
.. . . Source Number Sample
distinct polypeptide bands were detected (Fig. 5, lanes
9-14 inclusive) and gel penetration by the proteins was
. Rat serum 1 d>1.20
complete. Fifteen to seventeen of these bands were also lipoproteins 9 1.063 < d < 1.20 (HDL)
PAS positive but neither PAS nor silver nitrate staining 15 d < 1.006 (VLDL)
detected additional polypeptides. The biliary polypep- _
tide spectrum was unaltered by collecting the bile in ~ Ratbile 8 mat #1; eald gectone .
.. . e . (nonreducing 4 rat #2, leupepsin + pepstatin
tubes containing various proteolytic inhibitors, chilled conditions) 5 rat #1, PMSF + NaTT
acetone (Fig. 5), or pancreatic secretions (not shown). 6 rat #1, Trasylol
Molecular weights ranged from ~10,000 to ~300,000. ? o ks bite
Trace amounts of three srr.laller polypeptides (M; gy bile (reducing 9 rat #1, cold acetone
~5000-~10,000) were occasionally seen when the gel conditions) 10 rat #2, leupepsin + pepstatin
was heavily overloaded. However, no similarities were 1 ratsly BMSE 4 Real T
. . oge 12 rat #1, Trasylol
seen between rat serum apolipoproteins and biliary pro- 13 rat #1, fresh bile
teins. The polypeptide patterns of the Sephadex G100 14 rat #2, fresh bile
column fractions collectively included all the bands that
Molecular weight 8

were seen in whole bile (Fig. 5 and Fig. 6), suggesting
that no qualitative loss of proteins occurred during chro-

markers
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Fig. 6. SDS-PAGE of the proteins of rat bile after Sephadex G100 gel filtration chromatography: effect of bile salt concentrations on the elution
behavior of the proteins and the relation with the lipid micelles. Column chromatography of 1.5 ml of rat bile was performed (as in Fig. 1) with
eluants containing 5 or 30 mM NaTC. The proteins from sequential pairs of column fractions were submitted to SDS-PAGE, after lyophilization
and solubilization in reducing conditions. In each experiment, the elution of the mixed lipid micelles is shown below by the phospholipid profiles,
while the electrophoretic patterns of corresponding pairs of column fractions are shown above. The phospholipid concentration of individual
fractions is expressed on the ordinate as percent of peak values for ease of comparison. Bile salt and cholesterol profiles are not shown but are
similar to those seen in Fig. 1. V,, 14 and 15 ml; V,, 45 and 44 ml; of 5 and 30 mM NaTC columns, respectively.

matography. A dense spectrum of bands was seen in the
void volume fractions (10 to 20 inclusive), and some
intermediate and small molecular weight proteins sep-
arated later (fractions 22-30). These data confirm the
results of the total protein assay (Fig. 1) which indicated
that most of the biliary protein was excluded by the
Sephadex G100 gel. There was no discernable change
in this pattern, and no movement of any individual band
when the eluant bile salt concentration was reduced
progressively from 40 to 5 mM NaTC, despite the
marked change in the peak elution fraction of the mixed
lipid micelle (Fig. 6). Many small and intermediate mo-
lecular weight polypeptides were found in the void vol-
ume, even when disulfide bond reduction was omitted
or when physiological levels of Ca**, Mg**, and phos-
phate were present in the eluant solution (not shown).
This suggests that these smaller proteins are aggregated
with those of higher molecular weight.

The extent of this protein aggregation was examined
further on Sephadex G200, which has a higher exclu-
sion limit than G100. In contrast to the single void vol-
ume protein peak on Sephadex G100 (Fig. 1), two high
molecular weight peaks were seen on Sephadex G200,
in the presence of bile salts (Fig. 7). SDS-PAGE showed
that in the first peak (Fig. 7, void volume fractions 19—
24), the molecular weights of the main component
bands were: ~88,800, ~52,500, ~23,400, and

1046  Journal of Lipid Research Volume 23, 1982

22,500. These molecular weights correspond closely
with those of the components of secretory IgA (secre-
tory piece, heavy chain, and light chains, respectively
(37)), which has been shown to be a major component
of rat bile (38). A wide spectrum of bands was seen in
the second peak (Fig. 7, fractions 25-33) but these have
not been identified further in this study. The molecular
weights ranged from ~12,000 to over 200,000, many
of which were seen in bile, even under nonreducing
conditions (Fig. 5).

Following Sephadex G200 gel filtration in the ab-
sence of bile salts (Fig. 8), there was a marked increase
in void volume proteins, associated with a reduction in
the height of the second peak. The most noticeable
change in the corresponding SDS-PAGE pattern was a
shift of most of the M, 88,800 polypeptide band into
the void volume together with minor components of
other bands.

The tendency for biliary proteins to associate with
biliary lipids when bile salt-free eluants were used, was
also examined in a final experiment (see Methods). Fol-
lowing gel filtration of bile on Sephadex G100 without
bile salts, the void volume (fractions 10-20 inclusive),
which contained all the biliary phospholipid and cho-
lesterol, was concentrated and submitted to repeat gel
filtration in 30 mM NaTC. Several proteins, which were
present in the original void volume fractions, now
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Fig. 7. Elution profiles of the proteins and lipid micelles of rat bile, on Sephadex G200 gel filtration chromatography with a bile salt-containing
eluant. Column chromatography of 3 ml of rat bile eluted at 2.2 ml/hr with a bile salt-electrolyte solution containing 30 mM NaTC. The total
protein and lipid micelle elution profiles (marked by the phospholipid peak) are shown below and the SDS-PAGE patterns of the proteins of
whole bile and single column fractions are shown above. Bile salt and cholesterol profiles are not shown but are similar to those seen in Fig. 1.
The total protein and phospholipid content, of 1.5-ml fractions, is expressed on the ordinate in pg and umol, respectively. Note: two high
molecular weight protein peaks are seen (fractions 22 and 30, respectively) V, 22 ml, V, 60 ml.

eluted within the column volume. This suggests that
these proteins were trapped by phospholipid-cholesterol
liposomes formed when bile salts were omitted. These
proteins were then released when the liposomes re-
formed into micelles when bile salts were again added.

DISCUSSION

Gel filtration chromatography, which has been the
major analytical technique in our study, was first used
to measure pure bile salt micelle size almost 20 years
ago (39). Although this technique had also been used
to study the physical composition of bile (40), the im-
portance of pre-equilibrating the column to minimize
adsorption of bile salts to the gel (41) and thus prevent
micelle disruption, was only rarely appreciated (39, 42).
Consequently, a cholesterol-phospholipid aggregate was
often considered to be the dominant macromolecular
complex in bile (8, 40, 43, 44) until the critical role of
bile salts was recognized (32, 45-47). In the present
study, the co-elution of cholesterol, phospholipid, and
bile salts in all experiments, except when bile salt-free
eluants were used, is good evidence for the isolation of
intact taurocholate-lecithin-cholesterol micelles. The
size of these biliary micelles, in isotonic electrolyte so-

lutions, has been estimated here at between ~1.6 and
~3.5 nm Stokes radius.

Although the measurement of molecular radius by
gel filtration is strictly only accurate for globular pro-
teins and polysaccharides (24, 48), the estimates of mi-
celle size in the current study agree remarkably with
values obtained recently using the nonperturbing tech-
niques of quasi-elastic light scattering (49, 50) and
X ray small angle scattering (51) with model solutions
of bile salt-lecithin mixtures (with and without choles-
terol). These in vitro studies with model systems and a
variety of bile salt species also predict the close inverse
relationship that we found in rat bile between micellar
size and eluant bile salt concentrations. The finding,
that the intermicellar NaTC concentration during gel
filtration determines the bile salt:lecithin ratio in the
mixed micelles, is supported by the results of equilib-
rium dialysis studies of bile (52). An increase in this ratio
is associated with a reduction in micelle size in our stud-
ies and in those with model micellar solutions (49-51).
At concentrations of bile salts commonly found in rat
bile (20 mM), the micelle size is estimated at ~2.8 nm
in our study, close to the prediction from model systems.

The present study gives reliable estimates of rat bil-
iary mixed micelle size probably because these ‘“‘bile-
salt-rich” micelles (i.e., having a bile salt:lecithin ratio
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Fig. 8. Elution profiles of the proteins and lipids of rat bile, on Sephadex G200 gel filtration chromatography, with a bile salt-free eluant. Apart
from the omission of bile salt from the eluant, the experimental details are the same as in Fig. 7. Note: There is an increase in the void volume
protein peak (fraction 22), compared with Fig. 7, associated with a shift of M, 88,800 polypeptide band into the void volume.

greater than 2:1) are spherical (51) and their size and
shape are not influenced by dilution (51). Moreover, rat
bile is unsaturated with cholesterol, contains only three
lipid components, and taurocholate is the major bile salt
present. When samples of greater complexity than rat
bile are examined, it may be necessary to include other
components of the intermicellar solution (as well as bile
salt) for column equilibration and elution; for example,
micelle-free ultrafiltrates of postprandial intestinal fluid
have been used as eluants for the chromatography of
micelles during fat digestion (53). It should also be
noted that the elution behavior of lipids during column
chromatography is not always as simple as in the present
study. If different sterol phases are used, a progressive
decrease in micelle size with increasing bile salt concen-
tration is not always found, as Feldman and Borgstrom
have shown using taurodeoxycholate (54). Further-
more, when sample concentrations of cholesterol ap-
proach saturation in bile salt-cholesterol mixtures, phase
separation may occur during column chromatography
(55). While column chromatography cannot replace
precise thermodynamic methods such as X ray or laser
light scattering for measuring micelle size, it can give
reliable estimates especially in complex biological fluids,
such as bile, in which the other components present can
interfere with the more sophisticated techniques.

Bile is a heterogeneous aqueous solution of inorganic
salts, organic anions, bile salts, lipids, and proteins (56—
58). Theoretically, various physicochemical interactions

1048  Journal of Lipid Research Volume 23, 1982

could occur between these components. In practice, the
present results show that, apart from the presence of
bile salt-lipid micelles, there is a marked tendency to-
wards self-aggregation among the other major consti-
tuents of rat bile, i.e., bile pigment and proteins, and
that this self-aggregation is greater than the tendency
to form mixed complexes between them, since the ag-
gregates clearly survive elution from the column. The
absence of mixed complexes in column eluants conflicts
with previous reports claiming that macromolecular ag-
gregates between lipid, pigment and/or proteins exist
in bile, although we cannot exclude the idea that weak
associations of pigment or protein and lipid micelles may
have been disrupted by the Sephadex gel and non-
equilibrium conditions.

The present study provides several reasons for the
confusion that has arisen concerning the size of the bil-
iary micelle and its associations with pigment or protein.
As emphasized previously (2), most estimates of biliary
micelle size and weight have been affected by serious
artifacts introduced by the techniques that have been
used. In studies in which ultracentrifugation was used
to isolate the biliary micelle, bile specimens were often
diluted more than tenfold (6, 7), which disrupts micelles
(44); or treated with high solute concentrations used to
form density gradients (59), which may alter micelle size
(3, 49, 50), mobility (60), and structure (61). Further-
more, because the existence of self-aggregates of bili-
rubin was not considered, the observation that bilirubin
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(M, 585) sedimented in the ultracentrifuge, was taken
as evidence for its participation in mixed macromolec-
ular complexes (6, 7, 59). Our results show that the
sedimentation of bile pigment in the ultracentrifuge also
depends on the bile salt concentration. For this reason,
the lipid micelles were sometimes mistakenly identified
by the position of the pigment peak (59) when the bile
salt concentration was high.

In the present studies, the use of a wide range of
sodium taurocholate concentrations for column equili-
bration and elution during gel filtration not only main-
tained micelle integrity but also varied its size, and
hence its elution profile, enabling comparison with the
corresponding elution profiles of pigment and proteins.
By choosing an appropriate eluant bile salt concentra-
tion, this technique can therefore be used to separate
the individual components of bile. In addition, the pres-
ence of bile salts in all but the lowest concentration (5
mM) effectively reduces organic anion adsorption to the
Sephadex gel.

The hypothesis that organic anions are incorporated
within lipid micelles in bile has been proposed (10) as
an explanation for the enhanced biliary secretion of
conjugated bilirubin and BSP that is induced by the
infusion of micelle-forming bile salts (9). The present
results suggest that only weak interactions occur be-
tween mixed lipid micelles and BSP or bilirubin, which
are easily disrupted during gel filtration. The affinity
of unconjugated BSP for the micelles appears to be less
than one-third as strong as that between bile salts and
the other lipid components of mixed micelles under sim-
ilar experimental conditions. These in vitro findings are
supported indirectly by several physiological studies that
show that bile lipid secretion, presumably in micellar
form, can be altered by various choleretics without in-
fluencing organic anion transport appreciably (13, 62,
63). On the other hand, the presence in bile of self-
aggregates of bilirubin (10, 11) and BSP (10, 12) has
been confirmed. Moreover, these aggregates survive the
nonequilibrium concentrations of gel filtration, reflect-
ing the high afhnity of these compounds for self-asso-
ciation. The small size of these aggregates is probably
the result of partial dissolution due to dilution during
gel filtration (11). It is also probable that there is some
“decoration” of bile salt micelles by bile pigment, as
suggested by Carey and Koretsky (11) because the A-
max of bile pigment showed a wavelength shift com-
pared with pure bile pigment aggregates (11) in both
diluted whole bile and column eluate fractions which
contained pigment but no cholesterol or phospholipid.

Bile salts also influenced the size of the anion aggre-
gates during gel filtration and ultracentrifugation, al-
though the mechanism has not been explored in our
study. However, the phenomenon is well documented

(11, 12) and provides an alternative interpretation for
the data of Scharschmidt and Schmid (10). In the high
bile salt concentrations used in their study (40-60 mM
NaT(C), the mixed lipid micelles and pigment aggregates
would have been sufficiently similar to behave identi-
cally during ultrafiltration and ultracentrifugation (see
Figs. 2 and 4), giving the impression that they were
associated and that mixed complexes were present. A
distinction in the size of micelles and of pigment ag-
gregates is only readily apparent when the bile salt con-
centration is reduced but remains within the physiolog-
ical range. Such coincidence in the mobility of pigment
and lipid aggregates in bile could also account for the
results in other studies (4, 6, 7, 42, 59, 64) in which
“complexes” of bilirubin and lipids have been de-
scribed. Therefore, it remains to be determined whether
conjugated bilirubin, which is weakly lipophilic, forms
physiologically important associations with lipid mi-
celles.

The use of electron microscopy for visualization of
negatively stained images of micelles is unsatisfactory
because dehydration and distortion are inevitable dur-
ing sample preparation. Characteristic 100 nm cigar-
shaped particles, which were identified previously (65),
are now considered to be artifacts (66). All estimates of
micelle size obtained by electron microscopy grossly
exceed those given by other techniques, even with
model solutions (49). Although in the present study two
populations of particles were seen reproducibly in whole
bile as reported by Carey (67), both populations were
also found in the same relative proportions in column
fractions containing either lipid-free pigment aggre-
gates or mixed lipid micelles, respectively. The identity
of the particles seen with TEM, therefore, remains in
doubt, as does the validity of this technique for char-
acterizing bile micelles.

Bile contains a large heterogeneous mixture of pro-
teins (68—71), whose origin and mechanism of secretion
are currently the subject of much interest. In many of
the earliest studies using paper electrophoresis, it has
been shown that false positive dye-binding reactions
were responsible for the identification of lipoproteins
in bile (31, 32). In our study, SDS-PAGE was utilized
for the investigation of lipid-protein interactions be-
cause it allowed the protein composition of all gel fil-
tration fractions to be displayed simultaneously and
compared with the corresponding elution profiles of the
lipids and pigments. Each of the polypeptides, which
were in the bile that was submitted to gel filtration, were
detected in the column fractions; however, no relation-
ship was noted between any of them and the lipids or
pigment, when physiological concentrations of bile salts
were used. It should be noted that, while serum lipo-
proteins are not immutable entities, similar structures,
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if present in bile, would be expected to survive the non-
equilibrium conditions of gel filtration. We therefore
conclude that lipoprotein-like complexes do not nor-
mally exist in rat bile, at least with the overwhelming
majority of biliary proteins, although the presence of
complexes involving trace amounts of proteins (beyond
the sensitivity of these techniques) cannot be excluded.

The use of SDS-PAGE following Sephadex G200
column chromatography has shown that there are at
least two high molecular weight protein fractions in rat
bile. Although specific identification of individual pro-
teins was not the main purpose of the present study, the
heavier of these fractions (seen in the void volume) can
be reasonably explained as secretory IgA, while the sec-
ond major protein peak (M, > 222,000) has not been
described previously and is an aggregate of at least nine
bands. We do not yet know if this association has func-
tional significance or whether it is experimentally in-
duced.

The apparent association of lipids and proteins, when
bile salt-free columns were used, probably represents
protein interaction with liposomes, since the latter are
formed by micelle disruption in these conditions (49,
71). This phenomenon may account for the lipid-pro-
tein complexes that have been isolated from dialyzed
human bile in some studies (15, 16, 18). However, the
possibility that lipid-protein associations occur in other
species cannot be excluded by our studies with rat bile,
especially in human gall bladder bile (72), where the
concentration of constituents, cholesterol saturation,
and protein composition are so different (73). Studies
involving other species are clearly indicated.

In conclusion, our study has given a reliable estimate
of size of rat biliary mixed lipid micelles that is consistent
with data obtained using model micellar solutions and
measurement by more precise thermodynamic tech-
niques. The importance of the intermicellar bile salt
concentration in determining micelle size and the elu-
tion of organic anion aggregates has also been estab-
lished in native bile. Thus, this method may prove to
be useful for separating the major components of bile
from each other, for characterizing micelles, and for
isolating them for further analysis. Finally, it appears
that the bile pigment, BSP, and most of the proteins in
rat bile exist in aggregated form but do not show high
afhinity interactions with the lipid micelles when isolated
on bile salt equilibrated columns. B
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