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Inhibition of calcium phosphate precipitation by bile
salts: a test of the Ca2*-buffering hypothesis

Roger S. Crowther! and Masayuki Okido®

Gastroenterology Division, Department of Internal Medicine, University of Texas Medical Branch,

Galveston, TX 77555

Abstract The ability of bile salts to inhibit the precipitation of
either calcium hydroxyapatite or its precursor, amorphous cal-
cium phosphate, by reducing Ca?* activity or poisoning nascent
crystals was determined. When apatite precipitated rapidly (1-4
h), glycocholate and taurine-conjugated bile salts (up to 100
mM) had little effect on apatite formation, but prevented amor-
phous calcium phosphate precipitation by lowering Ca?" activity.
In contrast, glycodeoxycholate and glycochenodeoxycholate (2-3
mM) inhibited apatite formation for at least 24 h by poisoning
embryonic apatite. When apatite precipitated slowly (> 24 h),
all the dihydroxy bile salts prevented apatite formation for at
least 4 days. At constant initial supersaturation, the phosphate
concentration determined the degree of inhibition caused by the
six bile salts mixed together in physiologic proportion. At low
phosphate concentrations (1.2 mM) total inhibition was achieved
by poisoning embryos ( ~5 mM total bile salt), but with 4.0 mMm
phosphate only ~60% inhibition was attained (150 mM bile
salt) by a combination of poisoning and Ca?%-buffer-
ing. B Thus, at low supersaturation all dihydroxy bile salts
can prevent apatite formation by reducing free Ca?* (taurine
and glycine conjugates) or poisoning embryos (glycine con-
jugates). With mixtures of bile salts at higher supersaturation,
inhibition of apatite depends on a combination of poisoning and
reduction of free Ca?', mainly caused by glycodeoxycholate and
glycochenodeoxycholate.— Crowther, R. S., and M. Okido. In-
hibition of calcium phosphate precipitation by bile salts: a test
of the Ca?-buffering hypothesis. J. Lipid Res. 1994. 35:
279-290.
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Calcium salts of bilirubin, carbonate, phosphate, and
fatty acids are common constituents of all types of gall-
stones (1, 2) and understanding the factors that promote
or inhibit precipitation of these salts is necessary for the
development of strategies to prevent gallstone formation.
Precipitation of ionic salts is governed by well-established
physical laws, and it therefore appears a trivial undertak-
ing to try to understand the formation of these salts in
bile. However, bile is a complex fluid that undergoes both
physical and chemical compositional changes, any one of
which may influence the precipitation of Ca?*-sensitive
anions. Because bile salts are the major biliary solutes, in-

itial attempts to understand the regulation of Ca?" salt
formation in bile have focused on the role of these anions.
Seminal work by Williamson and Percy-Robb (3, 4), sub-
sequently confirmed by others (5-13), showed that bile
salts bind Ca?* ions and lower Ca?* activity. This observa-
tion led Moore, Celic, and Ostrow (6) to propose the
“Ca?"-buffering” hypothesis: inhibiting Ca* -sensitive an-
ion precipitation in bile by reducing Ca?* activity is a
major physiological function of bile salts. However,
Ca?"-binding per se will not necessarily cause physiologi-
cally significant inhibition of Ca?* salt formation. Any
reduction of Ca?* activity may alter the kinetics of salt for-
mation (ie., alter the onset of precipitation), but long-
term, thermodynamic prevention of precipitation re-
quires that the bile salt concentration and its Ca?* binding
affinity must together be sufficient to make bile unsatu-
rated with respect to the target Ca?" salt. Unfortunately,
although many groups have studied bile salt-Ca2* bind-
ing, relatively few investigators have examined the conse-
quences of this binding for Ca?" salt precipitation. Thus
the Ca?*-buffering hypothesis has not been adequately tested.

Angelico et al. (14) demonstrated in the bile-fistula rat
model that the precipitation of mixed Ca?" salts of mono-
and unconjugated bilirubin and palmitate occurred under
conditions of bile salt depletion. Precipitation was
promoted when Ca?" was added to bile salt-depleted bile,
but not when added to bile salt-rich bile. Conversely,
precipitation was inhibited by the addition of micellar
concentrations of bile salts, but it was uncertain whether
this effect resulted from Ca?* buffering or from the
solubilization of excess unconjugated bilirubin. In vitro

Abbreviations: ACP, amorphous calcium phosphate; CMC, critical
micellar concentration; DSy,p, degree of saturation with respect to
hydroxyapatite; GC, glycocholate; GCDC, glycochenodeoxycholate;
GDC, glycodeoxycholate; HAP, calcium hydroxyapatite; P;, inorganic
phosphate; TC, taurocholate; TCDC, taurochenodeoxycholate; TDC,
taurodeoxycholate.
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studies of fatty acid precipitation from micellar bile salt
solutions showed that calcium palmitate precipitation was
promoted when Ca?* was bound to the bile salt/palmitate
mixed micelles (15). Glycine-conjugated bile salts were
shown to inhibit calcium carbonate formation in vitro,
but it was concluded that an unknown mechanism, un-
related to the reduction of Ca?* activity, was responsible
(16). Thus, of the few studies performed, none have
verified the Ca?'-buffering hypothesis, and some have
suggested that other mechanisms may be involved in in-
hibiting Ca?*-sensitive anion precipitation.

Sutor and Percival (17) showed that small volumes of
bile inhibited calcium phosphate formation in vitro, and
this effect was reproduced by low concentrations of mixed
taurocholate/phosphatidylcholine micelles. We recently
showed that glycochenodeoxycholate (GCDC) inhibited
calcium phosphate precipitation by “poisoning” calcium
hydroxyapatite (HAP) embryos, which prevented the
transformation of amorphous calcium phosphate (ACP)
into HAP (18). Moore et al. (19) calculated that bile was
normally undersaturated with respect to CaHPO,, and
they suggested that this mineral phase could precipitate in
bile only when excess inorganic phosphate was produced
by phospholipid hydrolysis. CaHPO, is one of the possi-
ble forms of ACP, and although ACP was once believed
to be an obligate precursor of HAP, this is now known to
be false (20). Because HAP is much more insoluble than
CaHPO, (21), it may precipitate from solutions that are
undersaturated with respect to CaHPO, and therefore
phospholipid hydrolysis may not be necessary for HAP to
precipitate in bile. The major forms of calcium phosphate
in gallstones are HAP and whitlockite (1), and the object
of the current work was to study the effects of the major
human bile salts on the formation of HAP and its some-
time precursor ACP, and to deduce the mechanism of in-
hibition in each case.

MATERIALS AND METHODS

CaCl,, Na;,HPO,, and NaCl were obtained from J. T.
Baker Chemical Co. (Phillipsburg, NJ). Sodium salts of
GCDC, glycocholic (GC), taurocholic (TC), glycodeoxy-
cholic (GDC), taurodeoxycholic (TDC), and taurocheno-
deoxycholic (TCDC) acids were obtained from Sigma
Chemical Co. (St. Louis, MO), Steraloids Inc. (Wilton,
NH), and Calbiochem (La Jolla, CA). Except where
noted, experiments were performed with bile salts ob-
tained from Sigma. Tetrahydrofuran and 1,6-diphenyl-
1,3,5-hexatriene were obtained from Aldrich Chemical
Co. (Milwaukee, WI). HAP (type VI) and all other rea-
gents were from Sigma Chemical Co. HAP was analyzed
for calcium and phosphate content and the Ca/P ratio was
1.69 + 0.01, which is consistent with HAP, Cas(PO,);0OH,
(1.67).
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Calcium phosphate precipitation

Stock solutions of NaCl, Na,HPO,, and bile salts, all
dissolved either in 50 mM Tris or 10 mM HEPES bulffer,
pH 7.5, were mixed together in polypropylene microcen-
trifuge tubes. The NaCl concentration was adjusted in in-
verse proportion to the bile salt concentration to keep the
ionic strength approximately constant. Solutions were not
purged of CO, because previous experience had shown
that precipitation of CaCOj did not occur under these ex-
perimental conditions (18). To initiate the reaction, CaCl,
in buffer was added to give a final volume of 1.0 ml and
the tubes were vortexed. In different series of experi-
ments the initial CaCl, and Na,HPQO, concentrations
were adjusted so that HAP would precipitate either
directly or through its ACP precursor. For each experi-
ment the initial concentrations of reactants after mixing
are given in the figure legends. After mixing, 200 ul of so-
lution was removed and the absorbance at 405 nm was
measured (Titertek Multiskan Plus plate reader, Flow
Labs, McLean, VA). The samples were returned to their
respective tubes, which were capped and incubated at
37°C. During temperature equilibration the pH of the so-
lutions fell to 7.3 when Tris buffer was used and to 7.4
when HEPES buffer was used. These pH values were
used when initial saturations of solution with respect to
HAP were calculated (see Calculation of solution satura-
tion). At intervals the tubes were vortexed and the absor-
bance of a 200-ul aliquot of solution was measured as be-
fore. After 24 h incubation the solutions were centrifuged
at 11,000 g for 5 min and the supernatants were assayed
for inorganic phosphate (P;) and, in some cases, for total
calcium and bile salt (see Analytical methods). In some
experiments the pellets were washed by resuspending
them twice in 1 ml of deionized water, and the washed
pellets were placed on glass slides and dried at 100°C. A
sample of the dried pellet was transferred to a BaF, win-
dow, and the infrared spectrum of the precipitate was ob-
tained at a resolution of 2 cm™! using a UMA300A in-
frared microscope attached to an FIS60 FI-IR
spectrometer (Bio-Rad, Digilab Division, Cambridge, MA).

Analytical methods

HAP precipitation was quantitated from the amount of
P; remaining in solution after centrifugation. Phosphate
was measured by the malachite green/phosphomolybdate
method (22), which was specifically developed to measure
P; in bile. Preliminary experiments demonstrated that
bile salts did not interfere with the assay. Total calcium in
supernatants was measured by atomic absorbance spec-
trophotometry (model 5100, Perkin-Elmer Corp., Nor-
walk, CT) after dilution of samples with 5% trichloracetic
acid/1% lanthanum chloride. Supernatant bile salt was
measured by reverse-phase HPLC on a Cg column
(Nova-Pak Radial-Pak cartridge, Waters, Milford, MA)
by the method of Rossi, Converse, and Hofmann (23).
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We previously showed that the amounts of ACP formed
in these experiments were too small to measure by chemi-
cal means (18). Accordingly, the absorbance at 405 nm
was used as an indicator of ACP precipitation. To validate
this method, we mixed together equal volumes of
Na,HPO, and CaCl, (each 20 mM in 10 mM HEPES
buffer, pH 7.5), producing an instantaneous precipitate of
ACP. After 5 min, we serially diluted the precipitate with
buffer and measured the absorbance of 200-ul aliquots at
405 nm. The optical density was proportional to the ACP
concentration in the range 0-0.15 absorbance units (2 =
0.996), and all the experimental values fell within this
range. However, because the absorbance is a function of
particle size as well as the total amount of precipitate, this
measurement provides only a relative estimate of the
amount of ACP precipitated.

Calculation of solution saturation

The ionic strength, activities of the relevant ions (tak-
ing into account ion-pair formation), and the degree of
saturation of solutions with respect to HAP (DSyap)
were calculated by an iterative computer program, Ion-
product (24), that uses the equation of Varughese and
Moreno (25) to calculate DSyap:

(Ca?)® (POF)® (OH™) [

Ksp HaP

DSyap =

where Kg;, is the solubility product and the round
brackets denote activities. When DSyap = 1, the solu-
tion is saturated; if DSyap is greater or less than 1, the
solution is supersaturated or undersaturated, respectively.

Effect of bile salts on free Ca?* concentration

Free Ca? concentration was measured using the
Ca?-sensitive dye murexide (11, 15, 26). Solutions con-
tained 4 mM CaCl,, 0-100 mM NaCl, 0-100 mM bile salt
and were buffered to pH 7.5 with 50 mM Tris. The NaCl
concentration was adjusted in inverse proportion to the
bile salt concentration to keep the ionic strength approxi-
mately constant. The standards consisted of 0-4 mM
CaCl, in 100 mM NaCl/50 mM Tris, pH 7.5. For each so-
lution a specific blank was prepared that had the same
composition, but was deprived of Ca?*. To 1.0 ml of each
sample or blank solution, 20 ul of murexide was added to
give a final concentration of 50 pM. Solutions were then
incubated at 37°C for 30 min. The absorbance of each so-
lution at 470 and 540 nm was measured against the ap-
propriate blank in quartz cuvettes maintained at 37°C
(Ultrospec K spectrophotometer, LKB Biochrom, Cam-
bridge, UK). Free Ca2" concentration was proportional to
log (absorbance,;, — absorbancessp). Apparent forma-
tion constants (K'y) were calculated for the Ca?*-bile salt

complexes. Each Ca?" was assumed to be bound by two
bile salt molecules and K's was calculated according to
the formula given by Moore et al. (6).

Bile salt binding to HAP

A series of solutions containing 50 mM Tris, pH 7.5,
0-30 mM bile salt, and sufficient NaCl to make I = 0.15
were mixed with 20 mg/ml of HAP and incubated at
room temperature for 2 h. The suspensions were then
centrifuged at 11,000 g for 4 min; the supernatants were
assayed for bile salt by the 3a-hydroxysteroid de-
hydrogenase method (27); and the amount of bound bile
salt was calculated by difference. Initial experiments with
GCDC demonstrated that 20 min incubation was
sufficient to approximate equilibrium, because bile salt
binding changed only ~ 6% between 20 min and 10 days
of incubation.

Determination of bile salt critical micellar
concentration

The apparent critical micellar concentration (CMC) of
each bile salt was measured fluorimetrically using the
apolar probe diphenylhexatriene (28). A 1-ul aliquot of 10
mM diphenylhexatriene in tetrahydrofuran was added to
different concentrations of bile salts dissolved in 2.0 ml of
Tris/saline buffer, pH 7.5, I = 0.15. The tubes were in-
cubated in the dark at room temperature for 30 min and
the resulting fluorescence was measured at an excitation
wavelength of 358 nm and an emission wavelength of 430
nm (LS-5B Luminescence Spectrometer, Perkin-Elmer
Corp.). For GCDC, the CMC was also determined after
incubation for 30 min at 37°C and the fluorescence was
measured in cuvettes also maintained at 37°C.

RESULTS
Inhibition of calcium phosphate precipitation

When the initial CaCl, and Na,HPO, concentrations
were both 4.0 mM, the precipitation of calcium phos-
phate occurred in two stages (Fig. 1A). The initial stage
corresponded to ACP precipitation and the second, to
HAP formation. We have previously confirmed the iden-
tity of these mineral phases by infrared spectroscopy (18).
The time at which HAP formation was initiated is
referred to as the induction time (18, 29), which for the ex-
ample shown occurred at 65 min. This sequential precipi-
tation is governed by the Ostwald-Lussac Law of Stages:
in a system capable of precipitating multiple phases, the
least stable (most soluble) phase will precipitate first (30).
At the induction time the solution is no longer supersatu-
rated with respect to ACP, and HAP precipitation com-
mences. The formation of the first few HAP nuclei se-
questers free ions and causes the solution to become
undersaturated with respect to ACP. In response,
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Fig. 1. Mineral phase formation monitored by optical density
changes. (A) HAP formed through ACP precursor: CaCl, and
Na,HPO, were mixed together, giving 4.0 mM concentrations of each,
and were incubated at 37°C, pH 7.3, I = 0.171, DSy,, = 33.52. At in-
tervals the tubes were vortexed, 200 ul was removed, and the optical den-
sity was measured. (B) HAP formed directly: initial CaCl, and
Na,HPO, concentrations after mixing were 8.0 and 1.2 mM, respec-
tively; T = 37°C, pH 7.3, I = 0.176, DS;,p = 33.03. Points are the
mean t SD of three independent measurements.

sufficient ACP dissolves to restore saturation and the
released ions are incorporated into the precipitating HAP.
This process continues until all the ACP has been dis-
solved and reprecipitated as the less soluble HAP. We
showed by infrared spectroscopy that the transition to
HAP was completed within 2-4 h (18) and therefore
measurement of P; precipitated at 24 h indicates the
amount of HAP formed.

In Fig. 2 the maximum absorbance at 405 nm of the
ACP phase (i.e., the absorbance at the induction time) is
plotted as a function of bile salt concentration for GG,
TC, TDC, and TCDC. With the exception of TC, these
bile salts were equally effective inhibitors of ACP forma-
tion. Low concentrations of TC increased the maximum
absorbance of the ACP phase, but this was probably
caused by effects on ACP aggregation (31) rather than by
a true increase in the amount precipitated. With these
bile salts the maximum absorbance of the ACP phase al-
ways occurred within 40 to 150 min, but in the presence
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Fig. 2. [Inhibition of ACP formation. The effect of GC and taurine-
conjugated bile salts on ACP precipitation, under the conditions
described for Fig. 1A, was estimated from the maximum absorbance of
the ACP phase. Points are the mean + SD of three independent meas-
urements.

of GDC or GCDC (2-3 mM) the absorbance of the ACP
phase rose slowly for at least 24 h, at which time the ab-
sorbance was ~ 0.08 (not shown). Fig. 3 and Fig. 4 show
the effects of all bile salts on the onset of HAP precipita-
tion and on the amount of HAP precipitated at 24 h,
respectively. At concentrations < 1.5 mM, GDC and
GCDC paradoxically accelerated HAP precipitation, but
2-3 mM of either bile salt prevented HAP formation for
at least 24 h (Fig. 3). In contrast, much higher concentra-
tions of taurine-conjugated bile salts or GC had only
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Fig. 3. Effect of bile salts on the onset of indirect HAP formation.
HAP was formed via ACP under the conditions described in Fig. 1A in
the presence of increasing bile salt concentrations and the induction time
was determined from plots of absorbance at 405 nm versus time. Points
are the mean + SD of three independent measurements.
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Fig. 4. Inhibition of indirect HAP formation. HAP was formed in-
directly under the conditions described in Fig. 1A in the presence of in-
creasing bile salt concentrations. After 24 h, HAP was pelleted by cen-
trifugation at 11,000 g for 5 min and the remaining supernatant P; was
measured. Points are the mean + SD of three independent experiments.
In some instances the error bars were smaller than the symbol size.

small effects on the induction time. TC appeared to ac-
celerate HAP formation but the difference between 100
mM TC and the control was not significant (P > 0.1, ¢-
test). GG, TDC, and TCDC delayed HAP formation, and
100-mM concentrations of each bile salt approximately
doubled the induction time (P < 0.01 for each bile salt
versus respective control) (Fig. 3). As measured by soluble
P; at 24 h, HAP precipitation was prevented by 2-3 mM
GDC or GCDC (P < 0.0001), but the other bile salts had
very slight effects that ranged from no inhibition with 100
mM TC to ~20% inhibition with 100 mM TCDC or GC
(P < 0.01 for each versus respective control) (Fig. 4). For
each experiment the infrared spectrum of the mineral
phase at 24 h was always consistent with poorly crystalline
HAP (32), except in the presence of 2-3 mM GDC or
GCDC, for which analysis was not possible because of
insufficient precipitate (not shown). The infrared spectra
did not contain peaks at ~1400 cm™!, which demon-
strated that no CaCOj had precipitated (33). Hencefor-
ward for brevity, and based on the apparent selectivity of
inhibition, GDC and GCDC will be referred to as HAP
inhibitors and GC, TC, TDC, and TCDC will be referred
to as ACP inhibitors.

In human gallbladder bile, the calcium concentration is
normally greater than the inorganic phosphate concentra-
tion (19, 34-39), and some experiments were therefore
performed with 8 mM CaCl; and 1.2 mM NayHPO,. Un-
der these conditions, the ACP phase was no longer ob-
served (Fig. 1B), but the divergent behavior of the two
groups of bile salts concerning HAP formation was un-
changed (Table 1). The ACP inhibitors had little effect on
the onset of HAP formation or, with the exception of GC,
on the amount of HAP precipitated at 24 h. GDC or

GCDC (2 mM) prolonged the induction time > 24 h and
effectively prevented precipitation. Some of these experi-
ments were repeated using bile salts from alternative
sources, and the same results were obtained. The only ex-
ception was for TDC obtained from Steraloids, which
gave significantly more inhibition of HAP formation than
did the same material from Sigma (Table 1).

In the above experiments HAP was formed much faster
than may be the case in vivo. Accordingly, we investigated
the ability of bile salts to inhibit precipitation from solu-
tions that required > 24 h for HAP to form (Fig. 5). Un-
der these conditions, GDC or GCDC (3 mM) and TDC
or TCDC (100 mM) prevented precipitation for at least 4
days. TC or GC (100 mM) did not prevent precipitation,
but did reduce by ~40% the amount of HAP formed at
equilibrium.

Reduction of free Ca?' versus poisoning of HAP
embryos

In the following experiments the amount of Ca?* bound
by bile salts in solutions of the same composition as in the

TABLE 1. Effect of bile salts on direct HAP formation’

Bile Salt Onset’ HAP ppd. at 24 h
min wmol P;

None 215 3+ 61 1.20 £ 0
GC

2 mM 185 + 0 1.20 + 0

100 mM 196 + 27 0.97 + 0.01¢

100 mM* 300 + 0 1.00 + 0.01¢
TC

2 mMm 185 + 0 1.20 £ 0

100 mm 188 + 21 1.18 + 0.01

100 mM° 300 + 50 1.20 + 0
TDC

2 mM 185 + 0 1.20 £+ 0

100 mMm 272 + 85 1.16 + 0.03

100 mM* 245 + 0 0.99 ¢+ 0.13¢
TCDG

2 mM 275 + 35 1.20 + 0

100 mMm 340 + 11 1.15 + 0.03

100 mMm° 260 + 0 + 0.03
GDC

2 mM >2¢h 0.04 + 0.05°

3 mm > 24 h 0.03 + 0.04*

3 mMm° >24h 0.07 + 0.03°
GCDC

2 mMm > 24 h 0.03 + 0.047

3 mM > 24 h 0.03 + 0.05°

3 mMm° > 24 h 0.05 + 0.07*

“Initial CaCl, and Na;HPO, concentrations were 8.0 and 1.2 mM,
respectively; T = 37°C, pH = 7.3, I = 0.176, DSy, = 33.03.

* Absorbance was measured at 60-min intervals, therefore induction
times less than 60 min apart are considered to be identical.

‘Bile salt from Calbiochem (TC, Ultrol grade) or Steraloids Inc. (GC,
GDC, GCDC, TDC, TCDC).

“Significantly different from control (P < 0.0001, stest).
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Fig. 5. [Inhibition of slow HAP formation by bile salts. HAP was
formed from solutions containing 4.0 mm CaCl,, 1.6 mm Na,HPO,, 50
mM Tris, 0-100 mM bile salt, and sufficient NaCl to keep the ionic
strength approximately constant; T = 37°C, pH = 7.3, I = 0.166,
DSyar = 25.79. HAP formation was determined from the amount of
P; remaining in solution. Points are the average of duplicate experi-
ments. Bile salts were from Calbiochem (TC, Ultrol grade), Sigma
(TCDC), or Steraloids.

precipitation experiments, but omitting the phosphate,
was measured and correlated with their inhibition of ACP
or HAP formation.

The ability of the ACP inhibitors to diminish ACP
precipitation was proportional to their reduction of free
Ca? (r2 = 0.830, P < 0.001), and no ACP formed when
free Ca?" was < 3.5 mM (Fig. 6). GDC (3 mM) and
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Fig. 6. Correlation of amount of ACP formed with initial free Ca?*
concentration. The effect of bile salts (10-100 mM) on free Ga?* concen-
tration (total calcium = 4.0 mM, no phosphate present) was measured
with murexide and was correlated with their inhibition of ACP forma-
tion (from Fig. 2). Points are the mean + SD of three independent
measurements. In some instances the error bars were smaller than the
symbol size.
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GCDC (2 mM) had very little effect on the free Ca?* con-
centration when the total calcilum was 4.0 mM
(3.88 + 0.02 and 3.92 + 0.02 mM, respectively) or on
the maximum absorbance of the ACP phase (within 20%
of the absorbance without bile salt), and yet they greatly
slowed the rate of ACP formation.

"To determine whether bile salts inhibited HAP precipi-
tation by reducing the free Ca?* concentration, we first es-
tablished the intrinsic effect of free Ca?* concentration on
HAP formation. A fixed concentration of phosphate (4.0
mM) was mixed with 2.0-4.0 mM CaCl,, with no bile salt
present, and the amount of HAP precipitated at 24 h is
given by the line in Fig. 7. Ca%"-phosphate ion pair for-
mation was ignored and the initial free Ca?" concentra-
tion of each solution was assumed to equal the total cal-
ciumn concentration. Neglecting ion pair effects overestimated
the free Ca?* concentration by ~10%. Ion pair formation
was neglected to allow comparison with the following ex-
periment in which Ca?* binding to bile salts was measured
in the absence of phosphate. Bile salts in the concentra-
tions detailed in the legend to Fig. 7 were mixed with 4.0
mM CaCl, and the free Ca?* concentration was measured
with murexide. The resulting free Ca?* concentrations
were then plotted against the amount of HAP precipitated
at equilibrium in the presence of the same bile salt con-
centrations (from Fig. 4). The results for the ACP inhibi-
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Fig. 7. Effect of initial free Ca?* concentration of HAP formation. The
intrinsic effect of free Ca?* concentration, in the absence of bile salts, on
HAP formation was established by incubating 4.0 mMm Na,HPO, with
2.0-4.0 mM CaCl, at 37°C, pH 7.3, in the presence of 100 mm NaCL
The amount of HAP precipitated after 24 h was determined from the
P, remaining in the supernatant (®). In a separate experiment, the
effect of bile salts on free Ca?* concentration (total calcium = 4.0 mM,
no phosphate present) was determined with murexide, and correlated
with their effect on HAP formation (total calcium and phosphate each
4.0 mM, from Fig. 4) (A). Bile salt concentrations were: GCDC, 2 mM;
GDC, 3 mM; GC and taurine-conjugated species, 100 mM. Points are
the mean + SD of three independent experiments.
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tors (100 mM) all fell above the line representing the in-
trinsic effect of free Ca?" concentration on HAP
precipitation, which demonstrated that these bile salts
had a smaller effect on the amount of HAP precipitated
than would be predicted from their reduction of free Ca*".
However, GC and TCDC were more effective than were
TC and TDC, which suggested that a fraction of the Ca?*
bound to GC and TCDC was held with sufficient affinity
for it to be unavailable to HAP, but that all the TC- or
TDC-bound Ca?" was available. In contrast, GDC and
GCDC (2-3 mM) had almost no effect on free Ca?* and
yet they prevented HAP formation. Clearly, under these
conditions, GDC and GCDC inhibited HAP formation
by a mechanism that did not involve reducing the free
Ca?* concentration. For GC, TC, TDC, and TCDC, the
mean micellar K'; values (liters/mol) were: 9.4 + 1.7,
3.06 + 0.4, 12.2 + 1.0, and 11.6 + 0.2, respectively. Ca?
binding to GCDC and GDC was measured at a single
concentration (2 and 3 mM, respectively) and the K's
values were 22.2 and 22.4. These results are consistent
with those obtained by Moore and Sanyal (13) using a
Ca?*-sensitive electrode.

When bile salt binding to mature HAP crystals was
measured, in each case the fraction bound initially in-
creased with bile salt concentration but then declined as
saturation was approached (binding curve for GDC
shown in Fig. 8, inset). The maximum value of
bound/free was taken as a measure of the HAP-binding
affinity of each bile salt and was plotted against the cog-
nate equilibrium bile salt concentration (Fig. 8). GDC
and GCDC had 6- to 36-fold greater affinity for HAP
than had the bile salts of the ACP-inhibiting group. Thus,
the ability of GDC and GCDC to inhibit HAP formation
correlated with their HAP-binding affinity, and not with
their reduction of free Ca?*. This result agrees with previ-
ous work that suggested inhibition of HAP formation by
GCDC depended on the poisoning of HAP embryos (18).

The apparent CMCs of the bile salts were measured
with an apolar fluorescent probe. The CMCs of GDC and
GCDC (2.2 and 2.4 mM, respectively) were greater than
the equilibrium bile salt concentrations at which maxi-
mum binding affinity was observed (1.2 mM for both).
Conversely, the remaining bile salts tended to reach their
maximum binding affinity at free bile salt concentrations
slightly above their CMC: the CMCs of GC, TC, TDC,
and TCDC were determined to be ~10, ~9, 1.8, and 2.0
mM, respectively, and their maximum binding affinities
were observed at 14, 13.3, 2.1, and 2.9 mM, respectively.
These CMC values agree with our previous determina-

tions (40) and are within the ranges measured with other
techniques (41, 42).

Effect of DSyap on inhibition by GCDC

Because the total calcium concentration in human gall-
bladder bile varies over a wide range (34-36, 39), but the
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Fig. 8. Bile salt binding to HAP. Bile salts (0-30 mm) and 30 mg of
HAP were incubated for 2 h with occasional mixing in 1.5 ml of 50 mMm
Tris, pH 7.5, with sufficient NaCl to let I = 0.15. The suspensions were
then centrifuged at 11,000 g for 4 min and the supernatants were assayed
for bile salt. The amount of bound bile salt was calculated by difference
and from the resulting binding curves (inset shows result for GDC) the
maximum Bound/Free ratio was obtained for each bile salt.

phosphate concentration varies much less (19, 37, 38), we
examined the effect of calcium concentration on the abil-
ity of GCDC to inhibit HAP formation. When the initial
phosphate concentration was fixed at 2.0 mM and the ini-
tial calcium was varied from 4 to 15 mM, inhibition of
HAP precipitation as a function of GCDC concentration
reached a plateau that depended on the initial calcium
concentration (Fig. 9A). When HAP was precipitated,
the equilibrium GCDC concentration was lower than the
initial concentration because of bile salt binding to HAP
(Fig. 9B). Binding afhinity tended to increase with in-
creasing free Ca?* concentration, and the approximate
upper and lower limits of binding are indicated by the
least-squares fitted lines drawn through the points
representing initial Ca?* concentrations of 15 and 6 mM.
The maximum level of inhibition for every initial Ca?*
concentration was always attained in equilibrium with
GCDC concentrations that were below the CMC (Fig.
9A), which suggested that premicellar aggregates were
responsible for the inhibition. The equilibrium DSgap
values for the points on the inhibition plateaus were calcu-
lated and plotted against the initial calcium concentration
(Fig. 10). Regardless of the initial DSyap (cireles), all the
solutions reached the same equilibrium DSyap (squares;
32.61 + 1.19) in the presence of sufficient GCDC. The
only exception to this result was the lowest initial calcium
concentration, for which the initial and maximum
equilibrium DSyap values were the same because

Crowther and Okido A test of the Ca?-buffering hypothesis 285

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) 'mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

Fig. 9. Inhibition of HAP formation by GCDC in
solutions with different DS;;,p. HAP was formed at
37°C, pH 7.4 for 24 h in the presence of 150 mMm
NaCl, 2.0 mM Na,HPO,, 0-4 mm GCDC, and 4-15
mM CaCly; I = 0.167-0.198; DSy, = 30.89-57.08.
After centrifuging, the supernatant P;, total calcium,
and GCDC concentrations and pH were determined.
(A) Inhibition of HAP precipitation. The horizontal
lines indicate the “plateau” regions, but do not
represent mathematically fitted lines. (B) GCDC
binding to precipitated HAP. The exponential curves
are the least-squares best fits to the data for 6 and 15
mM Ca?*. Total calcium concentrations were: 4 mM 0.0

0S5

HAP precipitated at 24 h, ymol P,
P
T

a
GCDC bound, ymol/umol P,

(0), 6 mM (@), 8 mm (), 10 mMm (M), and 15 mM 0
A).

precipitation was totally prevented. Thus, inhibition of
HAP precipitation by GCDC premicellar aggregates was
effective only in solutions with DSgap less than ~33.

Effect of mixed bile salts on HAP precipitation

The six major human bile salts were mixed together in
typical physiologic proportions and tested for their ability
to inhibit calcium phosphate precipitation. When the ini-
tial CaCl, and Na,HPO, concentrations were both 4.0
mM, a complex pattern of inhibition was observed (Fig.
11). At 5 mM total bile salt the amount of HAP precipi-
tated decreased by ~20%, but no further inhibition was
observed until the total bile salt concentration exceeded
50 mM, at which point a steady decline in HAP precipi-
tation began that reached ~60% inhibition with 150 mM
total bile salt. The maximum absorbance at 405 nm of the

60 K

Not inhibited by
50 4 |premiceliar GCDC

40 THAP precipitation}]

30

DSyap

20 4 |inhibited by
premicellar GCDC

10

0 Y 1 T T T T T
2 4 6 8 10 12 14 16

Initial calcium concentration, mM

Fig. 10. Limit of inhibition by premicellar GCDC. Equilibrium
DS,4p values were calculated for each plateau point in Fig. 9A, and the
values were averaged for all the points (2-3) on a given plateau. SD
values were calculated, but were smaller than the symbol size. Initial
DSyap (®) and equilibrium DSy,p (M) values were plotted against the
initial total calcium concentration.
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ACP phase increased slightly at bile salt concentrations
up to 10 mM, probably because of altered aggregation,
but then declined to approximately zero at 50 mM total
bile salt (Fig. 11). However, when the initial CaCl, and
Na,HPO, concentrations were 8.0 mM and 1.2 mM,
respectively, the mixed bile salts rapidly caused complete
inhibition of phosphate precipitation, even though the ini-
tial DSpap was very similar to the previous experiment

(Table 2).

DISCUSSION

For the past decade the Ca?*-buffering hypothesis has
been an important concept in the investigation of gall-
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Max. absorbance,,s of ACP phase ( @ )
HAP precipitated at 24 h, ymol P, ( & )

Bile salt concentration, mM

Fig. 11. Inhibition of calcium phosphate precipitation by mixed bile
salts. Bile salts were mixed together in a fixed molar ratio (GC : TC :
GCDC : TCDC : GDC : TDC = 2.7:14:27:1.4:19 :1) and in-
cubated with 4.0 mM CaCl, and 4.0 mm Na,HPO,; T = 37°C, pH
7.4, 1 = 0.171, DSy,p = 37.47. The absorbance of 200-ul aliquots was
measured at intervals to determine the maximum ACP formation, and
HAP precipitation was determined from the P; remaining in solution at
24 h. Points are the mean + SD of three experiments.
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TABLE 2. Effect of mixed bile salts on HAP precipitation’

Total Bile Salt HAP precipitated at 24 h
mM umol P;
0 1.20 + 0.00
5 0.19 + 0.05
10 0.10 + 0.04
20 0.05 + 0.02
50 0.16 + 0.01
100 0.02 + 0.01
150 0.00 + 0.00

*Initial CaCl, and Na,HPO, concentrations were 8.0 and 1.2 mmMm,
respectively; T = 37°C, pH = 7.4, = 0.176, DSy, = 36.95.

stone pathogenesis, and it is therefore regrettable that the
hypothesis has not been rigorously tested. In an initial at-
tempt to study the validity of the hypothesis, we per-
formed in vitro experiments in which HAP was precipi-
tated either directly or through its ACP precursor, by
varying the total calcium and P; concentrations. In hu-
man gallbladder bile the total calcium concentration may
range from ~ 2 to 28 mM, while the free Ca?" concentra-
tion varies much less, ~0.5-4 mM (34-36, 39). Values for
P; in gallbladder bile are less commonly reported, but the
range appears to be ~0.1-1.5 mM (19, 37), although Wie-
gard and Murphy (38) have reported biliary P; concen-
trations as high as ~4 mM. Calcium phosphate precipi-
tation is also pH-dependent (18, 19) and, although bile is
acidified in the gallbladder, the pH of the bile can range
from ~6.4to 7.7 (34-36, 39). Gleeson et al. (39) analyzed
bile pH in gallstone patients, and found that the highest
gallbladder bile pH (7.30 + 0.16) was associated with
gallstones with surface calcification. The experimental
conditions we have used clearly involve relatively high
DSuap values but, with the probable exception of the
conditions used to produce ACP, they represent calcium
and phosphate concentrations and pH values that may ex-
ist in the pathological gallbladder.

The bile salts could be divided into two groups, de-
pending on which mineral phase they most powerfully in-
hibited. When HAP was formed through ACP (DSyap
= 33.5), the taurine conjugates and GC inhibited the
amount of ACP precipitated in a concentration-
dependent manner, achieving total inhibition at bile salt
concentrations of 50-100 mM; the same concentrations
had little or no effect on the amount of HAP formed. In
contrast, GDC and GCDC (2-3 mM) prevented HAP
formation for at least 24 h, but only retarded the precipi-
tation of ACP. The taurine conjugates and GC also in-
hibited HAP formation, but compared with GDC or
GCDC they were effective only in solutions of lower su-
persaturation (DSyap = 25.8) and higher bile salt con-
centrations were necessary.

The inhibition of ACP precipitation by GC and the
taurine conjugates was directly proportional to their

reduction of free Ca?*, which showed that Ca? buffering
was an effective mechanism for preventing the formation
of this mineral phase. In contrast, inhibition of HAP for-
mation by GDC and GCDC was not attributable to
reduced Ca?* activity because these bile salts blocked
HAP precipitation at concentrations that had almost no
effect on free Ca?*. However, GDC and GCDC had 6- to
36-fold greater binding affinity for HAP than had the
other bile salts, and this observation supports previous
results that suggested that GCDC suppressed HAP for-
mation by binding to HAP embryos (18, 40). GCDC
binds to the HAP surface in competition with phosphate
and, if sufficient phosphate is excluded, the crystal is poi-
soned and fails to grow (18, 40). Analogously, the retard-
ing effect of GDC and GCDC on ACP precipitation may
also have been caused by their binding to the ACP surface
(40, 43) and impeding the accumulation of phosphate. We
have shown that GCDC binds less avidly to ACP than it
does to HAP (40), which would explain its less effective
inhibition of ACP precipitation. Because thetr Ca?*-binding
affinity is greater than that of the other bile salts (3-13),
GDC or GCDC should also be capable of inhibiting ACP
formation by reducing free Ca?" concentration. This
effect would require higher concentrations of these bile
salts than were necessary to poison HAP embryos, but
these experiments were not performed because of con-
cerns about the formation of viscous solutions through
bile salt-Ca?* interactions (10, 40, 44).

The apparently paradoxical acceleration of HAP for-
mation with GDC or GCDC concentrations < 1.5 mM
also results from their ability to bind to HAP. Binding to
HAP occurs through interaction with the surface Ca?*
ions (40), and the bile salt aggregates are presumed to
possess groups (-OH and/or ~-COQ") that are correctly
arranged to mirror the spacing of Ca?" ions on the HAP
surface. If the bile salt aggregates bind free Ca?" ions (in-
stead of Ca? ions at the HAP surface) then these ions will
be held at an appropriate spacing for inclusion into a
HAP crystal, and this will favor HAP nucleation. With
slightly higher bile salt concentrations HAP nucleation
will still be promoted, but sufficient bile salt will be in so-
lution to bind to the remaining surface of the resulting
embryo, so that the embryo is poisoned.

When HAP was formed indirectly (DSyap = 33.5),
the ACP inhibitors displayed varied effects on the onset of
HAP formation. TC slightly accelerated HAP formation;
TDC consistently retarded HAP formation; and GC or
TCDC initially accelerated, but at higher concentrations
retarded, HAP precipitation. We propose that the spacing
of the bile salt-bound Ca?* ions governs the outcome of
the binding. For TC the spacing is always favorable for
promotion of HAP nucleation. For GC and TCDC the
spacing is initially favorable, but as the bile salt concen-
tration increases the bile salt micelles may rearrange so
that the spacing of the Ca?* ions no longer matches the
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spacing in a HAP crystal. For TDC the spacing is always
unfavorable. The lowered Ca?* activity resulting from un-
favorable Ca? binding reduces the probability of
sufficient Ca?" and phosphate ions converging to form a
HAP embryo, producing prolonged induction times. But
when an embryo eventually forms through random ther-
modynamic fluctuations, it begins to compete with the
bile salt for free Ca?". It seems that most of the Ca?"
bound by TC and TDC was held with insufficient affinity
to deny Ca?* to the nascent embryo and growth occurred
almost unchecked. GG and TCDC slightly decreased the
amount of HAP precipitated, which suggested that a frac-
tion of the Ca? bound by these bile salts was unavailable
to HAP. However, when less saturated solutions were
studied (DSpap = 25.8), TDC and TCDC bound
sufficient Ca?* to prevent HAP formation for at least 4
days, while GC and TC reduced the amount of HAP
formed by ~40%. Therefore, under conditions that are
likely to occur in vivo, Ca?* buffering can be an effective
mechanism of inhibiting HAP formation.
Understanding the structural requirements for high
affinity bile salt-apatite binding is hindered by our ignor-
ance of the aggregation number of the bile salt species
that is bound (dimer, trimer, etc.) and by the lack of any
generally accepted model for the structure of bile salt ag-
gregates. Addadi and colleagues (45-47) have shown that
the acidic proteins that control biomineralization of inver-
tebrate exoskeleton or rat dentin appear to recognize a
common structural motif that is present in a variety of
crystals, such as calcite, calcium phosphate esters, and
calcium dicarboxylates. This motif consists of rows of cal-
cium ions and phosphates (or carbonates or carboxylates)
arranged in a plane defined by two free oxygens emerging
perpendicular to the crystal face. These oxygen atoms are
assumed to be arranged to optimally cooperate with the
acidic proteins in forming the coordination polyhedron of
Ca?". It may be that such a motif is also present in HAP
and is recognized by GDC or GCDC, but less well by the
other bile salts. Clearly, conjugation with taurine is disad-
vantageous for binding to HAP, and there may be a num-
ber of reasons for this. Taurine-conjugated bile salts
generally bind Ca? ions in solution with lower affinity
than do their glycine-conjugated counterparts (3-13) and
this may be due, at least in part, to the greater size of the
taurine moiety creating a lower anionic charge density
through charge delocalization. When binding to Ca?" ions
at a crystal surface is considered, the greater size of the
taurine group may confer an additional disadvantage by
making it more difficult for the group to bind to Ca?
without interacting with the adjacent anionic groups of
the crystal, which would introduce repulsive forces. The
relatively poor binding by GC is less easily rationalized,
but a variety of experimental techniques have suggested
that trihydroxy bile salt aggregates are packed less tightly
than are the dihydroxy aggregates (48-50). This looser
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packing may also translate into a decreased ability to bind
Ca?" without encountering repulsion from neighboring
anlonic groups. Previous work showed that as well as hav-
ing a higher affinity for HAP, GDC and GCDC were also
bound to a greater extent than were the other bile salts (at
least 2-fold more bile salt bound at saturation), which
suggested that more binding sites were available to the
glycine-conjugated dihydroxy bile salts (40). The excess
binding sites were considered to comprise “steps” or dis-
continuties on the crystal surface, which are the sites of
crystal growth (51), and the exclusion of GC and the tau-
rine conjugates from these binding sites would explain
their apparent inability to poison HAP embryos. This ex-
clusion may have its root in the fact that these bile salts
tended to display their maximum binding affinity at con-
centrations above their CMC, while GDC and GCDC
were bound with greatest affinity as premicellar ag-
gregates. This result suggests that GDC and GCDC have
a higher affinity for HAP than they do for self-association,
while the opposite tends to be true for the other bile salts.
Although the taurine conjugates and GC are not neces-
sarily binding mainly as micelles, the greater average size
of the bound aggregates of these bile salts, compared with
those of GDC and GCDC, may preclude their binding to
the crucial step binding sites on steric grounds.

Consistent with the observation that GCDC binds to
HAP as premicellar aggregates, the inhibition of HAP
formation by GCDC reached a maximum in equilibrium
with submicellar concentrations of bile salt. The failure of
micellar concentrations of GCDC to produce greater in-
hibition was unexpected. When premicellar aggregates
became bound to embryos it would be anticipated that the
micelles would dissociate, thus replenishing the reservoir
of premicellar aggregates and enhancing the degree of in-
hibition. Failure of this enhancement to occur suggests
that micellar dissociation and diffusion of the resulting
premicellar aggregates to a new embryo is outstripped by
the rate of embryo formation and growth to a critical
nucleus. The maximum degree of inhibition that could be
produced by GCDC was inversely proportional to the ini-
tial DSyap. Equilibrium DSyap values were calculated
for each solution displaying maximal inhibition, and each
solution had the same equilibrium DSyap (~33),
regardless of the initial DSyap. This result showed that
GCDC can only prevent HAP formation by poisoning
embryos in solutions that have DSyap < 33. If the initial
DSpap exceeds 33, sufficient HAP must precipitate for
DSyap to fall below this threshold value before inhibition
can commence.

However, when bile salts were mixed together in typical
physiologic proportions, we observed that total inhibition
was possible in solutions with DSyap > 33. This result
could be due to synergy between the bile salts or, more
likely, to the lower phosphate concentration used in this
experiment. We previously showed that phosphate ions
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inhibit, and Ca?" ions promote, GCDC binding to HAP
(40); therefore, the phosphate ion concentration might
more powerfully affect the ability of GCDC to inhibit
than does the Ca?" concentration. Although increases in
the concentration of either ion will increase DSyap, for
phosphate the effect of this increase will be exacerbated by
the decreased HAP-binding ability of GCDC. In support
of this interpretation, when the phosphate concentration
was increased and Ca?" was decreased, keeping DSyap
approximately constant, the ability of the mixed bile salts
to inhibit was much less. In this case, the inhibition of
phosphate precipitation occurred in three phases: 1) with
5 mM total bile salt there was a small decline in HAP
precipitation, presumably caused by poisoning HAP em-
bryos; 2) between 10 and 50 mM total bile salt, the aboli-
tion of ACP precipitation occurred, without a further
decrease in the amount of HAP formed; and 3) above 50
mM bile salt, HAP precipitation was inhibited further,
and we attribute this to the reduction of free Ca?" activity
by binding mainly to GDC and GCDC.

In summary, inhibition of calcium phosphate precipita-
tion by bile salts is a complex event that occurs by either
the reduction of Ca?" activity or the poisoning of HAP
embryos (i.e., binding to the embryo in competition with
phosphate). The ability to poison HAP embryos was res-
tricted to GDC and GCDC, and only low concentrations
(2-3 mM) of bile salt were necessary. The taurine-
conjugated bile salts and GC could also significantly in-
hibit HAP formation, but higher concentrations (~100
mM) were required and they were effective only in solu-
tions from which HAP precipitated slowly (DSuap
= 25.8). This inhibition was presumably due to the
reduction of free Ca?* concentration, which was the
mechanism by which these bile salts also prevented ACP
formation. When HAP was formed via ACP and inhibi-
tion was caused by the six bile salts mixed together, the
inhibition resulted from a combination of poisoning em-
bryos and reducing the free Ca?* concentration, and most
of the activity was attributed to GDC and GCDC. The
preeminence of GDC and GCDC for the inhibition of
Ca?"-sensitive anion precipitation has previously been
postulated by Moore and Sanyal (52). The relative impor-
tance of each mechanism of inhibition appears to depend
on the solution saturation, and particularly on the phos-
phate concentration. This dependency requires further
study. The role of other biliary lipids should also be inves-
tigated because, although we could show no effect with
TC alone, Sutor and Percival (17) inhibited HAP forma-
tion with mixed TC/phosphatidylcholine micelles. As well
as lipids, biliary proteins are likely to play an important
role in regulating the precipitation of calcium salts, and
an acidic peptide that powerfully inhibits calcium car-
bonate precipitation in vitro has recently been isolated
from human cholesterol (53) and black pigment (54) gall-
stones. The inhibitory lipids and proteins may interact
with each other to modify their effects, and full under-

standing of the regulation of calcium salt precipitation in
bile will require knowledge of the behavior of all the
potential promoters and inhibitors of precipitation. BB
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