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ABSTRACT: Taurine-conjugated bile salts mediate rapid transmembrane flux of divalent cations, irrespective
of whether bile salts and divalent cations are initially on the same or opposite side of the membrane. We
therefore hypothesized that ionized bile salts can equilibrate between membrane hemileaflets. We
quantitated bile salt binding to large unilamellar egg yolk phosphatidylcholine (EYPC)( cholesterol
(Ch) vesicles under conditions in which one or both hemileaflets were initially exposed to bile salts. At
unbound taurodeoxycholate (TDC) concentrations>0.2 mM, the dependence of binding on TDC
concentration after 30 min was indistinguishable for vesicles prepared by either method and did not change
from 30 minutes to 24 h. At unbound TDC concentrations<0.1 mM, the ratio of bound/free TDC to
EYPC vesicles doubled over a single exponential time course. Equilibration times were greater for the
more hydrophilic bile salts taurocholate and tauroursodeoxycholate, for EYPC/Ch vesicles, and at lower
temperatures. For glycine-conjugated bile salts, time-dependent changes in binding did not occur, consistent
with more rapid equilibration of the small fraction of the protonated form. We conclude that fully ionized
conjugated bile salts translocate between lipid bilayer hemileaflets, in contrast to previous observations
that equilibration of fully ionized unconjugated bile salts occurs at a negligible rate in small unilamellar
vesicles. The rate of “flip-flop” increases with increases in intramembrane bile salt concentration and
hydrophobicity but decreases with cholesterol content and lower temperature. We speculate that
physiologically, even in the absence of a specific membrane transporter, bile salts can gain access to
intracellular compartments and mediate increases in divalent cation flux that may underlie cytotoxicity.

Bile salts interact with membranes in diverse physiological
systems of pathophysiological significance (7). At micellar
concentrations, bile salts solubilize membranes, release
intracellular enzymes, and cause cell death (18, 19). More-
over, bile salts also appear to be cytotoxic at the much lower
submicellar concentrations within hepatocytes (19, 27, 39,
42, 50). Nonetheless, the detergent properties of bile salts
are central to their physiological functions: secretion of
biliary lipids at the canalicular membrane (12, 46), solubi-
lization of cholesterol in bile (5, 8), facilitation of lipid
absorption (9), and as recently shown, absorption of divalent
cations in the small intestine (37, 38). The toxic detergent
effects of bile salts can be tempered: hydrophilic bile salts
such as ursodeoxycholic acid conjugates protect against the
cytotoxic and disruptive effects of hydrophobic bile salts (16,
18). Despite extensive knowledge of the physical chemistry
of bile salt-containing biliary lipid aggregates and their ability

to solubilize cholesterol (5, 10, 29), far less is known
regarding the mechanism by which bile salts interact with
lipid membranes (5, 7) and, under differing circumstances,
mediate either cytotoxicity or cytoprotection.

A major avenue of bile salt cytotoxicity has been presumed
to be alterations in membrane permeability. However, we
have recently demonstrated that, at the relatively low
concentrations present within the hepatocyte (42), bile salts
do not alter membrane permeability to non-ionic solutes such
as water (2). In contrast, we found that hydrophobic bile
salts increase membrane permeability to divalent cations by
several orders of magnitude (1). Curiously, an increase in
magnesium permeability was observed even under conditions
when magnesium and taurine-conjugated bile salts were
initially present on opposite sides of the membrane (1)
(Jackson, A. A., Donovan, J. M., unpublished data). We
hypothesized that taurine-conjugated bile salts could rapidly
gain access to both membrane hemileaflets.

Previous studies suggested that un-ionized bile acids can
“flip -flop”, i.e., the protonated, uncharged species can
redistribute across membrane bilayers rapidly, witht1/2 values
less than 1 s (6). Because pKa′ values of unconjugated and
presumably glycine-conjugated bile salts in phospholipid
bilayers approach neutral pH values (4), the uncharged
fraction rapidly equilibrates across lipid bilayers. In contrast,
NMR studies of fully ionized unconjugated bile salts did not
show equilibration of species in the outer and inner mem-
brane hemileaflets (6). Thus, taurine conjugates, which have
pKa′ values below 1 and remain fully ionized under physi-
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ological conditions, have not been believed to flip-flop
across membrane bilayers.
We hypothesize that rapid translocation of fully ionized

bile salts across lipid bilayers could explain our observations
that bile salts facilitate transmembrane transport of divalent
cations when located on opposite sides of the bilayer (1)
(Jackson, A. A., Donovan, J. M., unpublished data). By
quantitating bile salts bound to large unilamellar vesicles
under conditions where one or both membrane hemileaflets
were initially exposed to aqueous bile salt solutions, we
demonstrate that bile salts indeed redistribute across mem-
brane bilayers. We have examined effects of bile salt
concentration, hydrophobicity, and conjugation as well as
membrane composition and temperature on bile salt flip-
flop. These results suggest that bile salts can undergo
translocation across cell membranes via an additional
pathway, flip-flop of fully ionized as well as uncharged bile
salts, as well as via previously characterized high-affinity
bile salt transport proteins (30, 45, 48).

EXPERIMENTAL PROCEDURES

Bile salts (Sigma, St. Louis, MO), grade I egg yolk
phosphatidylcholine (EYPC,1 Lipid Products, South Nutfield,
U.K.), and cholesterol (Nu-Chek Prep, Elysian, MN) were
used as received, or purified as previously described (13).
By high-performance liquid chromatography (HPLC) (36)
(Beckman Instruments, Wakefield, MA), bile salt purity with
respect to other conjugates was>98%. Thin-layer chroma-
tography demonstrated that bile salt and EYPC purity were
>99% (13). All other chemicals were of highest reagent
grade purity.
Vesicle Preparation.Unilamellar vesicles were prepared

by coprecipitation of EYPC( Ch from MeOH/CHCl3,
drying first under a stream of N2 and then under reduced
pressure, followed by resuspension in aqueous solution (150
mM NaCl, 1 mM NaN3, pH 7.4) with or without bile salts
at the appropriate final concentration (0-1.5 mM). For large
unilamellar vesicles, EYPC( Ch lipid dispersions were
extruded multiple times through two 0.1-µM Nuclepore
filters (Corning Costar Corp., Cambridge, MA) in a high-
pressure vesicle extruder (Model HPVE-S, Sciema Technical
Services, Ltd., Richmond, BC, Canada) (20). In the absence
of bile salts, lipid concentrations were 30-60 mg/mL to
allow concentrated solutions of vesicles to be added to bile
salt solutions (see below). For systems prepared with bile
salts, the initial concentration of EYPC( Ch was 3 mg/
mL. Hence, for systems prepared with bile salts in both
membrane hemileaflets, each data point shown represents a
separate preparation of vesicles.
Bile Salt/Vesicle Binding.Large unilamellar EYPC or

EYPC/Ch (molar ratio 2:1) vesicles (3 mg/mL) were
incubated for periods from 0.25 to 24 h at 37°C with varying
bile salt concentrations (0.1-2.0 mM). Concentrated vesicle
suspensions were added to larger volumes of bile salt-
containing solutions to ensure that vesicles were not exposed
to bile salt concentrations significantly greater than final
concentrations after membrane adsorption of bile salts.
Unbound bile salt concentrations were determined by
centrifugal ultrafiltration (30000 MWCOmicroconcentrators,

Amicon Division, W. R. Grace & Co., Beverly, MA) (13).
Total and unbound bile salt concentrations were quantified
by HPLC (36). Incubations and centrifugal ultrafiltration
were performed at 37°C, except for selected experiments,
in which both incubation and centrifugal ultrafiltration were
conducted at 5 or 22°C. Results are expressed as the means
( SD for 3-5 experiments, with duplicate measurements
performed for each individual experiment.
Quasielastic Light Scattering.Vesicle size (mean hydro-

dynamic diameter) was measured by quasielastic light
scattering (2, 11). The intensity of scattered light at a 90°
angle during and after incubation with bile salts was also
measured as an index of the relative mass of vesicles.
Essentially all the intensity of scattered light is derived from
vesicles (11). For all bile salt concentrations shown, there
was no decrease in scattered light intensity that suggested
mixed micelle formation.
Determination of pKa′ Values. To exclude the possibility

that the pKa′ value of EYPC-bound TDC increased suf-
ficiently so that transmembrane migration occurred by means
of the protonated form, equilibrium titrations of 6.6 mM TDC
alone or with 39 mM EYPC were conducted at 22°C with
continuous magnetic stirring, as described previously (44).
The latter conditions were chosen such that>95% of TDC
was bound to EYPC. Titration with 1 M HCl was conducted
from pH 10 to pH 2.

RESULTS

The basic approach was to measure bile salt binding to
unilamellar vesicles under conditions that would allow initial
access of bile salts to one or both hemileaflets. When bile
salts are added to suspensions of large unilamellar vesicles,
bile salts can partition into the outer membrane hemileaflet,
but not into the inner membrane hemileaflet unless trans-
membrane flip-flop occurs. When aqueous bile salt solu-
tions are added to anhydrous EYPC( Ch lipid films, bile
salts partition into all portions of the lipid membrane. The
process of extrusion allows access of aqueous solution to
both sides of the membrane bilayer (20, 28) and produces
large unilamellar vesicles that contain bile salts in both
hemileaflets. The calculated internal volume of these
vesicles based on vesicle diameter (2) was negligible
(<0.001% of total volume) (32). Thus, entrapped aqueous
bile salts did not contribute to observed binding. Moreover,
the ratio of surface area in the outer hemileaflet to that in
the inner hemileaflet is calculated to be 1.01. We tested the
hypothesis that, for a given free bile salt concentration,
approximately twice as much bile salt would be bound when
both membrane hemileaflets were accessible as would when
only a single membrane hemileaflet was accessible.
Bile Salt Binding to EYPC Vesicles.Figure 1 displays

binding of the hydrophilic bile salt TUDC to EYPC vesicles
under two conditions: (1) as bile salts were added externally
to EYPC vesicles and incubated for 30 min or (2) when
TUDC was present during EYPC vesicle formation by
extrusion. Under both conditions, TUDC binding increased
monotonically with free bile salt concentration. However,
for any given free bile salt concentration, approximately twice
as much TUDC was bound when both hemileaflets were
accessible as when only the external hemileaflet was acces-
sible. This is consistent with the hypothesis that transmem-
brane transfer of TUDC does not occur over 30 min; hence,

1 Abbreviations: EYPC, egg yolk phosphatidylcholine; Ch, choles-
terol; TDC, taurodeoxycholate; TUDC, tauroursodeoxycholate; TC,
taurocholate; GDC, glycodeoxycholate; GUDC, glycoursodeoxycholate.
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binding is constrained to the outer membrane hemileaflet,
at least for this time period.
Figure 2 displays binding of the hydrophobic bile salt TDC

to EYPC vesicles as bile salts were added externally and
incubated for 30 min or when TDC was present during
vesicle formation by extrusion. The distinction between
binding affinity under conditions when one or both hemileaf-
lets are accessible is less apparent for TDC than for TUDC
binding to EYPC vesicles. As shown in the inset, at low
(<0.1 mM) free TDC concentrations, bile salt binding was
approximately 2-fold higher when both membrane hemileaf-
lets were accessible than when TDC was added to preformed
vesicles. However, at higher free TDC concentrations,
binding is indistinguishable for experimental conditions under
which bile salts initially have access to one or both membrane

hemileaflets. Quasielastic light scattering studies demon-
strated that this was not due to formation of mixed micelles
at aqueous concentrations up to 0.6 mM TDC, as the
scattered light intensity and mean hydrodynamic diameter
were unchanged (data not shown). Figure 3 displays the
binding of TDC to EYPC vesicles as a Scatchard plot. The
binding affinity of TDC under both conditions is identical
at the highest bile salt concentrations but clearly diverges at
lower TDC concentrations.
Figure 4 displays the time course of TDC binding to EYPC

vesicles at two different total bile salt concentrations. At a
total TDC concentration of 0.86 mM, corresponding to a free
TDC concentration of≈0.2 mM, there is no change in the
ratio of bound to free TDC from 15 min to 24 h (circles).
Resolution at time points below 15 min is limited by the
time required for physical separation of bound and free bile
salts. At this initial bile salt concentration, one possibility
is that transient micelle formation and re-formation of
vesicles allows redistribution of bile salts in both hemileaf-
lets. However, at a total TDC concentration of 0.25 mM,
corresponding to a free TDC concentration of<0.1 mM,
the ratio of bound to free TDC increases over several hours
(squares). In this case, aqueous bile salt concentration

FIGURE 1: Binding of TUDC to EYPC vesicles differs depending
on initial incubation conditions: 30 min exposure, external only
(9), and vesicles prepared in the presence of TUDC (b). For any
free bile salt concentration, bound TUDC was approximately double
for vesicles prepared in the presence of TUDC as compared with
vesicles that were incubated with TUDC externally. This is
consistent with the hypothesis that the surface area of EYPC
available for bile salt binding is 2-fold higher when both the inner
and outer membrane leaflets are initially accessible. Conditions:
37 °C, 0.15 M NaCl. Error bars represent SD.

FIGURE 2: Binding of TDC to EYPC vesicles for two different
initial incubation conditions: 30 min exposure, external only (9),
and vesicles prepared in the presence of TDC (b). At higher free
TDC concentrations (>0.3 mM), binding under both conditions
converges. As the inset shows, at low free TDC concentrations
(<0.1 mM), bound TDC was approximately double for vesicles
prepared in the presence of TDC as compared with vesicles that
were exposed to TDC externally. Conditions: 37°C, 0.15 M NaCl.
Error bars represent SD.

FIGURE 3: Scatchard plot of binding of TDC to EYPC vesicles for
two different initial incubation conditions: 30 min exposure,
external only (9), and vesicles prepared in the presence of TDC
(b). At low free bile salt concentrations, binding curves diverge.
Conditions: 37°C, 0.15 M NaCl. Error bars represent the SD.

FIGURE 4: Time course of binding of TDC to EYPC vesicles for
two total bile salt concentrations: 0.86 (b) and 0.25 mM (9). At
the higher TDC concentration, binding does not vary over a 24-h
period, suggesting the bile salts have equilibrated with both
membrane hemileaflets prior to the initial time point. At the lower
TDC concentration, the ratio of bound to free TDC rises to reach
a plateau after several hours. Conditions: 37°C, 0.15 M NaCl.
Error bars represent SD. Asterisks denote that values significantly
(p < 0.05) differ from the ratio of bound to free TDC at the initial
time point.
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remains well below the concentration (≈0.6 mM) at which
vesicles are solubilized as mixed micelles (2). The increase
in bound TDC concentration over several hours is consistent
with equilibration of TDC across the membrane bilayer, with
binding to both membrane hemileaflets.
The ratio of bound/free TDC is predicted to increase by a

factor of 2, since the membrane area available for binding
increases 2-fold when both membrane hemileaflets are
accessible. In Figure 4, the data are fit to

whereCb andCf denote the bound and free TDC concentra-
tions,Cb

∞ andCf
∞ denote values at infinite time, andk is

the time constant. This expression, a single exponential with
an increase in amplitude of a factor of 2, approximates an
expression that is rigorously derived in Appendix I. The
solid curve in Figure 4 shows the least squares best fit, with
a value ofk) 0.4 h-1 (r2 ) 0.97). The time course of TUDC
binding (0.06 mol/mol EYPC, final concentration) was
somewhat slower, with a value ofk ) 0.25 h-1 (r2 ) 0.85,
data not shown).
Because of previous observations that bile salts increase

membrane permeability to calcium (1), we examined whether
the addition of calcium (8 mM CaCl2) would increase the
rate of TDC flip-flop. At a total TDC concentration of 0.25
mM, corresponding to a free TDC concentration of≈0.04
mM, the rate of change of the bound/ free TDC concentration
was unchanged (data not shown).
Bile Salt Binding to EYPC/Ch Vesicles.Figure 5 displays

TDC binding to EYPC/Ch vesicles (molar ratio 2/1) under
conditions where TDC is initially accessible to the external
or both membrane hemileaflets. Binding under conditions
when both membrane hemileaflets are initially accessible is
substantially higher than binding to the external hemileaflet
alone after 30 min. At the highest unbound TDC concentra-
tions studied, binding affinity converged for both experi-
mental conditions, irrespective of whether TDC is initially
accessible to one or both membrane hemileaflets. Thus, the
addition of cholesterol, which decreases membrane fluidity,
also inhibits translocation of bile salts across the lipid bilayer.
Effect of Temperature on Flip-Flop Rate. Figure 6

displays the time dependence of bile salt binding at three

temperatures: 37, 22, and 5°C. At 37 °C, the time course
of flip-flop is more rapid than the resolution of the method.
However, the rate decreased at lower temperatures, and the
solid lines (Figure 6, panels B and C) show fitted curves
with rate constants of 0.32 and 0.13 h-1 at 22 and 5°C,
respectively. The dashed line (Figure 6A) shows a predicted
curve for the lowest rate constant consistent with the
observed data, i.e., that passes through the value at 15 min
less one standard deviation.
Effect of Bile Salt Conjugation and Ionization on Flip-

Flop Rate. Glycine conjugated bile salts have been postu-
lated to flip-flop across membrane bilayers rapidly because
of the fraction that is present in the protonated form (6).
Figure 7 shows the time course of binding of TDC and
glycodeoxycholate (GDC) to EYPC vesicles at pH 7.4.
There was no change in GDC binding over a 24-h period,
consistent with rapid partition into and equilibration across
the bilayer occurring prior to the initial measurement at 15
min. Similarly, at pH 7.4 and pH 9.5, glycoursodeoxycholate
(GUDC) binding was identical after 30 min and 24 h of
incubation (data not shown).
Because the pKa′ of bile salts in lipid membranes is up to

several pH units higher than in bulk solution, we examined
the possibility that the pKa′ of EYPC-bound TDC was
sufficiently high to allow flip-flop via a small but finite
protonated fraction. Potentiometric titration curves of TDC
were identical in the presence or absence of EYPC (data
not shown), from which we infer that the pKa′ of TDC in
EYPC bilayers is less than 2.5.2 Thus, the protonated fraction
of TDC at the pH value examined herein was estimated to
be less than 1/30000.
Table 1 summarizes estimates for rate constants for bile

salt flip-flop, together with the corresponding free bile salt
concentration and the bile salt/EYPC ratio in the lipid bilayer.
For taurine-conjugated bile salts, flip-flop rate depends upon
the bile salt/EYPC ratio in the lipid bilayer. However, at
comparable bile salt/EYPC ratios, the rate constant for TDC
is only minimally faster than for taurocholate (TC) or TUDC.
At comparable free bile salt concentrations, there was a
distinction in binding affinity under conditions where one
or both membrane hemileaflets were accessible for TUDC
but not for TDC (Figure 1 vs Figure 2). Comparison of the
rate constants at similar values of bound bile salt/EYPC ratios
suggests that this is primarily due to the much stronger
binding affinity of TDC for membrane bilayers rather than
differences in flip-flop rate for comparable intramembrane
bile salt concentrations. Because of rapid transmembrane
equilibration of GDC and GUDC, only a lower bound for
the flip-flop rate could be determined by these methods.

DISCUSSION

If fully ionized bile salts cannot flip-flop across lipid
bilayers, then the stoichiometry of bile salt binding to
membrane lipids must depend upon whether bile salts in
solution are in contact with a single (outer) membrane
hemileaflet or both membrane hemileaflets. Both the

2 An additional 2 microequiv was required to reach pH 3.0 for a
system containing 33 microequiv of TDC (6.6 mM, 5 mL). To reach
pH 2.5, an additional 7 microequiv was required. Since 33 microequiv
of TDC were present, we estimate that to titrate to the pKa′, an additional
16.5 microequiv would be required. Hence, we conservatively estimate
that the pKa′ of TDC must lie below 2.5.

FIGURE 5: Binding of TDC to EYPC/Ch (2/1 molar ratio) vesicles
differs depending on initial incubation conditions: 30 min exposure,
external only (9), and vesicles prepared in the presence of TDC
(b). In contrast, TDC binding to EYPC vesicles at similar free bile
salt concentrations (>0.3 mM) is similar irrespective of whether
one or both membrane hemileaflets are initially accessible to bile
salts (see Figure 2). Conditions: 37°C, 0.15 M NaCl. Error bars
represent SD.

Cb/Cf ) (Cb
∞/Cf

∞)(2- e-kt) (1)
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convergence of bile salt binding to one vs both hemileaflets
at high bile salt concentrations as well as the observed
increase in bile salt binding over time imply that bile salts
gain access to both membrane hemileaflets. We have
interpreted time-dependent changes in bile salt affinity for
EYPC ( Ch vesicles as reflecting an increase in the
accessible membrane area and infer from these data in
combination with titration studies that fully ionized taurine
conjugates undergo flip-flop. An intrinsic advantage of this
experimental approach is that the system is not perturbed

by addition of exogenous molecules. The dependence of
the time course of bile salt/membrane binding on bile salt
hydrophobicity, concentration, membrane composition, and
temperature provide further support that increases in binding
affinity represent membrane flip-flop.
The finding that bile salts flip-flop across membranes in

a concentration-dependent fashion is not unexpected. At bile
salt concentrations approaching those that solubilize mem-
branes, bile salts must gain access to both membrane
hemileaflets (26) in order to mediate observed increases in
membrane permeability to large molecules (1, 40, 41), and
ultimately, to solubilize membranes as mixed micelles.
Changes in the outer membrane hemileaflet alone are
predicted to be insufficient to alter membrane permeability
to polar solutes, which depends on the composition of both
the inner and the outer membrane hemileaflet (31). Indeed,
osmotic water permeability can be estimated from the inde-
pendent contributions of each hemileaflet (31). If structural
changes induced by bile salts were confined to the external
membrane hemileaflet, permeability would be predicted to
increase by a factor of 2 at the most. However, we have
previously demonstrated that bile salts increase membrane
permeability to divalent cations by up to several orders of
magnitude (1). We infer that bile salts must alter the
structural organization of both inner and outer membrane
hemileaflets.

Since glycine-conjugated bile salts rapidly translocate
across the membrane as their protonated neutral species (6),
the time dependence of binding of glycine-conjugated species
serves as an internal control for our inference that membrane
binding reflects available surface area. The lack of time-
dependent changes in binding affinity of GUDC or GDC
implies either that flip-flop occurs prior to the initial time
point (15 min) or over a time scale much longer than 24 h.
The latter is inconsistent with knowledge of the rapid flip-
flop of other un-ionized species (21). Furthermore, the strong
temperature dependence of flip-flop of taurine conjugates
species is also consistent with relatively high energy
intermediates.

For identical free bile salt concentrations, flip-flop is
much faster for TDC than for TUDC (Figures 1 and 2). This
is not unexpected given the much lower binding affinity of
TUDC for lipid bilayers than TDC (16, 17). However, Table
1 shows that, for comparable intramembrane bile salt mole

FIGURE 6: Time course of bound/free bile salt concentrations for TDC at (A) 37, (B) 22, and (C) 5°C. Solid lines at 22 and 5°C represent
single exponential fits. Dashed line at 37°C represents a single exponential fit with intercept att ) 0 at one-half the final value (see text
for details). Conditions: total bile salt concentration, 0.86 mM; EYPC, 3 mg/mL. Error bars represent SD. Asterisks denote that values
significantly (p < 0.05) differ from the ratio of bound to free TDC at the initial time point.

FIGURE 7: Time course of free bile salt concentration for (A) TDC
and (B) GDC. GDC binding is unchanged over 24 h, consistent
with rapid equilibration across the membrane bilayer. In contrast,
at this low concentration, TDC equilibrates more slowly with at1/2
of 1.7 h for the single exponential fit shown. Conditions: total bile
salt concentration, 0.22 mM; EYPC, 3 mg/mL; 37°C. Error bars
represent SD. Asterisks denote that values significantly (p< 0.05)
differ from the free TDC at the initial time point.

Table 1: Comparison of Rate Constants for Bile Salt Flip-Flop

bile
salt

vesicle
composition

[free bile salt]a,b

(mM)
[bound bile salt]b

(mol/mol of EYPC)
kc

(h-1)

TDC EYPC 0.04( 0.005 0.05( 0.005 0.4
TDC EYPC 0.25( 0.01 0.15( 0.01 >4
TDC EYPC/Ch

(2/1 mol/mol)
0.4( 0.05 0.13( 0.02 0.06

TC EYPC 0.22( 0.01 0.04( 0.005 0.3
TUDC EYPC 0.5( 0.02 0.06( 0.005 0.25
GDC EYPC 0.05( 0.005 0.04( 0.005 >4
GUDC EYPC 0.19( 0.01 0.02( 0.002 >4

a Values are given as mean( SD. b Free bile salt concentration at
24 h. cRate constant derived from eq 1 (see text for details).
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fractions, TDC flip-flop is only marginally faster than
TUDC and TC. This would be consistent with differences
in the interactions of their respective steroid nuclei with the
acyl chains of phosphatidylcholine (15). As inferred from
surface balance studies, the ursodeoxycholate steroid moiety
“floats” more superficially on a phosphatidylcholine mono-
layer. A more peripheral location within the bilayer would
be predicted to decrease the tendency for flip-flop.
Independent methods of measurements of bile salt flip-

flop across membrane bilayers have been limited because
of the inability to distinguish bile salts in one or both
membrane hemileaflets. Hence, we were required to use an
indirect method of observing bile salt flip-flop. Cabral and
Small (6) took advantage of differences in the NMR behavior
in the inner and outer hemileaflets to measure flip-flop rates
of fully ionized unconjugated bile salts but were unable to
observe bile salt migration from the outer to the inner bilayer
over a 24-h period. There were several differences in
experimental conditions as compared with the present work.
The maximum bile salt/EYPC molar ratio studied by Cabral
and Small was≈0.08 (6), a value below the maximum used
in the present studies (≈0.2). Moreover, NMR determina-
tions of flip-flop rate were possible precisely because of
differences in the NMR shifts and, hence, chemical potentials
of phospholipid molecules in the highly convex outer
monolayer and the extremely concave inner monolayer (6).
Because membrane curvature significantly alters the chemical
potential of membrane lipids (34), it is reasonable to infer
that flip-flop rates may differ for the large unilamellar
vesicles studied herein and small, highly curved sonicated
vesicles. Because the radius of curvature of the plasma
membrane and other intracellular organelles is larger than
that of small unilamellar vesicles, large unilamellar vesicles
are more likely to reflect properties of physiological mem-
branes.
Membrane curvature clearly affects membrane perme-

ability for a number of solutes. For example, Kamp and
colleagues demonstrated that proton transport across the
bilayer of small unilamellar vesicles occurred over ap-
proximately 10 min (21). However, in large unilamellar
vesicles, pH gradients dissipate at least an order of magnitude
faster (25, 33). Similarly, transmembrane flip-flop of fatty
acids and their analogues as well as porphyrins differs in
small and large unilamellar vesicles (22-24). Differences
in the nature of membrane defects have been suggested for
large as opposed to small unilamellar vesicles (47). Thus,
there is ample precedent that both membrane permeability
and the propensity for transmembrane flip-flop differ
substantially for the highly curved small unilamellar vesicles
used elsewhere (6) as compared to the large unilamellar
vesicles used herein.
An alternative possibility to flip-flop across membranes

is transient reorganization of membrane lipids into mixed
micelles. With re-formation of vesicles, bile salts would be
redistributed into both hemileaflets. At the highest total
bile salt concentrations examined (0.86 mM, Figure 4), this
is an alternative explanation. However, both the dependence
of bile salt binding on temperature at the same total
concentration (Figure 6) and the observations of a time-
dependent increase in bile salt binding at total concentrations
well below those that solubilize membranes (maximum TDC
concentration 0.25 mM, Figure 4) make a transient phase
transition unlikely.

The mechanism by which bile salts flip-flop across lipid
bilayers is unclear. Schubert and colleagues (41) suggested
that after the initial adsorption of bile salts, transbilayer
reorganization occurs. From surface balance studies of
unconjugated dihydroxy bile salts (15), we estimate that, at
a bile salt/EYPC ratio of 0.1, the surface area of the outer
hemileaflet would increase by approximately 9%. The
known ability of bile acids to condense phospholipid
monolayers (15, 43) is more than counterbalanced by the
increase in absolute number of molecules in the hemileaflet.
Disparity in surface area creates mechanical stress that
reduces thet1/2 for flip-flop of zwitterionic phosphatidyl-
choline to a few minutes (35). Schubert and colleagues
suggest that, when cholesterol is present in the bilayer, rapid
transmembrane flip-flop of cholesterol allows relaxation of
mechanical stress induced by bile salts (41), a phenomenon
that could in part account for the much slower rate of flip-
flop observed for EYPC/cholesterol bilayers (see Table 1).
Rare formation of membrane defects could also allow

equilibration of lipids in the outer and inner membrane
hemileaflet. Wimley and Thompson (47) demonstrated that
transbilayer movement of zwitterionic dimyristoylphosphati-
dylcholine had at1/2 of ≈ 1 h, and suggested that flip-flop
may occur through spontaneous formation of “fluctuation
defects”. We and others have demonstrated that, at con-
centrations approaching those that solubilize membrane
lipids, bile salts induce formation of large membrane defects
that allow convective transport of large molecules such as
carboxyfluorescein, inulin, and dextrans (1, 16). These
defects are of a size to allow complete equilibration of
entrapped molecules with the outer aqueous solution (1). We
speculate that the rare formation of these defects could allow
rapid lateral diffusion with equilibration of outer and inner
membrane hemileaflets.
Membrane composition is likely to modulate bile salt flip-

flop rates, as we observed experimentally for increases in
cholesterol content. In the case of cholesterol, decreased
membrane fluidity may be responsible in part for the decrease
in flip-flop rate for cholesterol-containing membranes
(Figure 5, Table 1). Membrane cholesterol is likely to
prevent bile salt flip-flop at key physiological sites. For
instance, the large net flux of bile salts across the cholesterol-
rich canalicular membrane is mediated by ATP-requiring
proteins (30), and flip-flop of bile salts back into the inner
canalicular membrane would be extremely slow. In contrast,
we speculate that at the endoplasmic reticulum membrane,
which contains negligible amounts of cholesterol (14),
conjugated bile salts may not require a specific “flippase”.
In the absence of the ileal bile acid transporter, bile acid
malabsorption occurs (49), but residual absorption of con-
jugated bile salts may be mediated by non-protein mecha-
nisms (3) that include rapid flip-flop of protonated glycine
and unconjugated bile salts or slow flip-flop of taurine
conjugates. The relatively high cholesterol content of
intestinal brush border membranes may limit the quantitative
importance of bile salt flip-flop. Nonetheless, even limited
flip-flop may allow bile salts to mediate divalent cation
absorption (37, 38).
Thus, fully ionized bile salts flip-flop across physiological

membranes, albeit at a much slower rate than for glycine or
unconjugated bile salts. We purposefully examined the
effects of bile salts over a concentration range from micro-
molar concentrations likely to be present intracellularly (42)
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to micellar concentrations present in the intestine. The goal
of the present study is to determine the physicochemical
processes that may occur under physiological conditions. As
recently estimated by Setchell and colleagues (42), physi-
ological hepatic bile salt concentrations are in the low
micromolar range and increase during cholestasis. Since bile
salt toxicity is observed at concentrations higher than
physiological, we hypothesize that, within the range between
physiological low micromolar concentrations and higher
concentrations found in cholestasis, bile salts begin to interact
with membranes and alter their fundamental barrier function.
We speculate that the ability of fully ionized bile salts to
gain access to both membrane hemileaflets may contribute
to bile salt toxicity by creating transmembrane pathways that
increase divalent cation permeability (1).
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APPENDIX I: MATHEMATICAL MODEL OF BILE
SALT FLIP -FLOP

The time dependence of binding can be modeled by
assuming that the available surface area of EYPC increases
by a factor of 2 from time zero to infinite time. This assumes
that the rate of flip-flop is slow as compared with the rate
of bile salt partitioning into the outer membrane hemi-
leaflet. This assumption is justified by rapid equilibration
of other amphiphiles with membrane vesicles (23, 51) and
by our observation that GDC and GUDC binding is
unchanged over a 24-h period (Figure 7). The rate of
transmembrane transport in either direction is assumed to
be first order with respect to the bile salt concentration in
that hemileaflet. Thus, the net rate of accumulation of bile
salts in the inner leaflet is

whereCin andCout represent the concentration of bile salts
in the inner and outer hemileaflet, respectively, andkflip is
the rate constant.

We assume that initially bile salts are only bound to the
outer leaflet

whereKeq is the equilibrium binding constant for bile salt
binding to EYPC membranes,Cf is the free bile salt con-
centration, and [EYPC] is the total EYPC concentration. The
effective concentration of EYPC is one-half of the total, since
only the outer hemileaflet is assumed to be accessible.

Using the equations for mass balance:

whereCb is the total bound bile salt concentration, and
rearranging, we obtain the expression

Integration fromt ) 0, at which timeCin ) 0, to time t
yields an expression forCin:

substitutingR ) K × EYPC) Cb
∞/Cf

∞ whereCb
∞ andCf

∞

denote the ratio at equilibrium, we obtain

At t ) 0, this simplifies to 1/2(Cb
∞/Cf

∞), and att ) ∞, this
expression simplifies toCb

∞/Cf
∞.

For typical values ofCb
∞/Cf

∞, the value ofkflip is within
15% of the value ofk from eq 1. Hence, values derived
from curves fitted to the simpler expression shown in eq 1
are used through this work.
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