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ABSTRACT: Ca?* binding between lamellae of phosphatidylserine (PS) and phosphatidylcholine (PC) gives
rise to a rigid phase of Ca(PS),. When aqueous Ca**, hydrated PS/PC, and Ca(PS), coexist at equilibrium,
the aqueous Ca®* concentration is invariant and is characteristic of the PS/PC ratio. This characteristic
Ca?* concentration is 0.040 uM for palmitoyloleoylphosphatidylserine without PC and increases as the inverse
square of the PS mole fraction at high PS concentration (Raoult’s law) and as the inverse square of the
PS mole fraction multiplied by a constant at low PS concentration (Henry’s law). For example, for
palmitoyloleoylphosphatidylserine/palmitoyloleaylphosphatidylcholine = 0.6/0.4 or 0.2/0.8, this characteristic
Ca?* concentration is about 0.1 or about 6 uM, respectively. These observations at constant temperature
are summarized in a quaternary phase diagram for the four-component system CaCl,/PS/PC/water.

Binding of Ca?* between phospholipid bilayers might be a
good model for one step in Ca?*-induced fusion of biological
membranes (Ohnishi & Ito, 1974; Koter et al., 1978; Portis
et al.,, 1979; Liao & Prestegard, 1980; Ekerdt et al., 1981;
Ekerdt & Papahadjopoulos, 1982; Nir et al., 1983; Morris et
al., 1983; Ohki, 1984; Leventis et al., 1986). We have pre-
viously studied a chemically simple system of phosphatidyl-
serine (PS),! Ca?*, and H,0 and found that a phase of Ca-
(PS), forms under the physiologically interesting conditions
of excess H,0 and submicromolar Ca?* concentration (Feig-
enson, 1986). Although the Ca?* binding and phase behavior
of this three-component system are described by simple
physical chemistry, a crucial increase in complexity would give
the model much stronger predictive power for real biomem-
brane behavior: the PS concentration of the phospholipid
bilayer should be varied over a wide range. Thus, the better
model for Ca?* binding between biomembranes is the four-
component system of PS, phosphatidylcholine (PC), Ca?*, and
H,0.

Some of the experimental difficulties posed by this PS/PC
system were encountered before, and solved, with PS as the
only lipid: analyzing Ca?* binding between bilayers is easier
if unilamellar lipid and hence interface without an apposed
bilayer is minimized; Ca?* must have access to the space
between bilayers; and Ca?* binding can be cooperative, thus
equilibrium rather than supersaturation should be meausred
(Feigenson, 1986). In addition, two difficulties not found with
PS alone arise for PS/PC mixtures: (i) lipid phase separation
can be induced by cooling, thus freeze—thawing should not be
used to equilibrate Ca?* across the bilayers; (ii) the product
of Ca?* binding is not readily separated from coexisting lipid
without bound Ca?*, so the chemical composition of the lipid
phase that contains Ca?* cannot be determined by chemical
analysis, as was done for Ca?* binding to PS without PC. We
solve the problem of measuring an equilibrium Ca?* concen-
tration, without either forming additional unilamellar lipid or
inducing spurious phase separation, with an approach used by
Ohnishi and co-workers (Ohnishi & Ito, 1974; Tokutomi et
al., 1979), by supporting the lipid multilayers in cellulose filters
during both an initial Ca?* binding period and a final Ca?*
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dissolving period. We analyze the lipid phase that contains
Ca?* by indirect methods, by means of X-ray diffraction and
ESR spectroscopy.

EXPERIMENTAL PROCEDURES

Materials

Palmitoyloleoylphosphatidylserine (POPS) and palmitoyl-
oleoylphosphatidylcholine (POPC) from Avanti Polar Lipids
Inc. (Birmingham, AL) showed no impurities when 50 ug was
chromatographed on Adsorbosil Plus P TLC plates with
chloroform/methanol/concentrated NH,, 25/10/2 v/v.
Water was freshly purified through a Milli-Q system, and
cellulose ester 5-um filters were from Millipore Corp. (Bedford,
MA). Chelex 100 ion-exchange resin from Bio-Rad (Rockville
Center, NY) was cycled batchwise twice through 1 N HCI/1
N KOH. EGTA and Pipes buffer were of puriss grade from
A. G. Fluka (Hauppauge, NY). CaCO, and HCI were of
ultrex grade, and the phosphate standard was an analytical
concentrate from J. T. Baker (Bricktown, NJ). The calcium
chelator/indicators BAPTA and BrBAPTA were the tetra-
potassium salts from Molecular Probes (Junction City, OR).
Other chemicals were of reagent grade.

Methods

Preparation and Calibration of Solutions. All aqueous
solutions contain 20 mM Pipes buffer and 100 mM KCI at
pH 7.00. The buffer was stored in a polypropylene bottle over
a bed of Chelex at 4 °C. Prior to use, the buffer was warmed
to room temperature and then filtered through HCl-rinsed
sintered glass to remove Chelex bead fragments.

! Abbreviations: PS, 1,2-diacyl-sn-glycero-3-phosphoserine with
specified or unspecified cations bound to neutralize charge; PC, 1,2-di-
acyl-sn-glycero-3-phosphatidylcholine; POPS, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine; BAPTA, 1,2-bis[bis(carboxymethyl)amino]ethane;
BrBAPTA, 1,2-bis{[bis(carboxymethyl)amino](5-bromophenoxy)]-
ethane; Pipes, piperazine-N,N’-bis(2-ethanesulfonic acid); EGTA,
ethylene glycol bis(2-aminoethyl ether)-N,N,N’,N “tetraacetic acid; A,
sample absorbance; 4,, absorbance in the absence of Ca?*; 4,, absor-
bance in excess Ca?*; 4’, 4 divided by the absorbance at the isosbestic
point (similarly for 4y’ and A4,); [Ca®*]*, characteristic aqueous Ca%*
concentration; S, order parameter; a,, thermodynamic activity of com-
ponent n; v, activity coefficient for PS in PS/PC mixture; v/, activity
coefficient for Ca%* in 20 mM Pipes and 100 mM KClI; v, variance; c,
number of components; p, number of phases.
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The primary standard Ca?* solution and the solutions of
EGTA, BAPTA, and BrBAPTA were prepared and titrated,
and the concentrations of PS and PC in chloroform were
determined as previously described (Feigenson, 1986).

Measurement of Ca®* Concentration. Ca®* chelators are
used to establish free aqueous Ca2* concentrations and, in the
case of indicator dyes, to measure [Ca?*] [see, for example,
Campbell (1983)]. We use a value of the dissociation constant
Kp for Ca-EGTA in 20 mM Pipes and 100 mM KCl of 0.40
uM as the basis value for all Ca?* determinations. This value
for the Ca-EGTA dissociation constant is derived by pH
correction and ionic strength interpolation from the mea-
surements of Kp = 0.49 uM reported by Grynkiewicz et al.
(1985) for Ca-EGTA binding at 18 °C, pH 7.02, in 225 mM
KCl and 25 mM NaCl and K, = 0.38 uM at 20 °C, pH 7.00,
in 100 mM KCI. The Kp, values for Ca-BAPTA and Ca-
BrBAPTA under our conditions were determined, following
the method of Tsien (1980), by finding the x-axis intercept
of the plot of log [(A4 — 4,)/(A4; — A)] vs log [Ca?*]. A, is
the absorbance of the Ca?*-free chelator, 4, is the absorbance
of the Ca?*—chelator complex, and A is the absorbance of the
chelator at a given [Ca?*], all at 253 nm for BAPTA and 262
nm for BrBAPTA. [Ca?*] was established by adding mea-
sured quantities of Ca®* and EGTA, with [EGTA] 100-fold
greater than [chelator]. This procedure gives the Kp for
Ca-BAPTA as 0.24 uM and for Ca-BrBAPTA as 1.8 uM.
Once the K, is established, the concentration of free (un-
complexed) Ca?* is found from

Ca?] = K [Ca—chelator] K A'— A, 1
(a1 = Plfree chelator] ~°\ A4, — A4’ (D

where the prime indicates division of the measured absorbance
at a peak in the difference spectrum by the measured absor-
bance at the isosbestic point. We find for BrBAPTA, 4, =
1.49 and A,” = 0.24 with absorbance measured at 262 nm and
the isobestic point at 247.7 nm. For BAPTA, 4y = 1.62 and
A" = 0.16, with absorbance measured at 253 nm and the
isosbestic point at 236.6 nm.

For all measurements of Ca?* binding to PS/PC, samples
of 100-150 uL were centrifuged in 250-uL polyethylene
centrifuge tubes, which were supported in 2 M sorbitol and
centrifuged at 13 000 rpm for 30 min in an SW-27 swinging
bucket rotor at 20 °C. The pellet contained 99-100% of the
lipid, as determined by phosphate analysis of the supernatant.

Ca** Equilibration Procedure. For a few of the experi-
ments, a Ca?*—chelator solution was added directly to a film
of PS/PC, which had been dried under vacuum on the bottom
of an acid-washed borosilicate culture tube. For most ex-
periments, the PS/PC was supported in S-um pore size Mil-
lipore cellulose ester filters. The filters were washed five times
with benzene over a one-week period in order to remove Triton
X-100, followed by a wash with 50-100 uM BAPTA, and
finally three washes with Milli-Q purified water. Pieces of
these washed filters neither bound nor released Ca?* (less than
S uM) as determined from BAPTA absorbance. However,
the filter pieces contribute to the measured absorbance at
236~262 nm and so require a correction, typically 1-2% of
the absorbance.

The procedure for measuring Ca?* binding began with
addition of a chloroform solution of PS/PC to a small piece
(typically 5 X §S mm) of filter at the bottom of a polypropylene
tube (12 X 75 mm). The sample was dried with N, followed
by overnight mechanical pumping. Each filter containing
PS/PC was then hydrated about 1 h in 100 uL of Pipes—KCl
buffer under argon in the dark. Ca?* was then added at
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defined free and total concentrations in order to control both
the amount of binding and also the initial [Ca?*] at each
PS/PC ratio. Thus, for PS/PC ratios of 1.00/0 to 0.5/0.5,
Ca?*/BAPTA was added at initial [Ca?*] of 0.4-6 uM and
[BAPTA] of 80-500 uM; for PS/PC ratios of 0.5/0.5 to
0.30/0.7, Ca?*/BrBAPTA was added at initial [CaZ*] of 6-24
M and [BrBAPTA] of 100-400 uM; and for PS/PC ratios
of 0.3/0.7 to 0.00/1.00, Ca?* was added without chelator at
initial [Ca?*] of 40-1000 uM. Tubes were sealed after
flushing with argon and then rotated at 6-12 rpm in the dark
in a water bath at 20 °C. After 1 week (unless the time course
of binding was under study), aliquots of 100-150 uL were
centrifuged. BAPTA was added to an aliquot of those su-
pernatants having no chelator. The free and total Ca?* con-
centrations were determined from the absorbance measure-
ments, and the amount of Ca?* bound was found from the
difference between the initial and the final total Ca?* con-
centrations.

The procedure for measuring the [Ca?*] that is in simul-
taneous equilibrium with lipid containing bound Ca?* and
PS/PC without bound Ca?* began with removal of the lip-
id-containing filter from the Ca* binding medium after the
aliquot had been withdrawn for binding measurement. The
filter was gently blotted and then placed in a buffer of com-
position chosen to dissolve some of the lipid-bound Ca?*, For
PS/PC ratios of 1.00/0 to 0.5/0.5, [BAPTA] of 50-120 uM
was used; for PS/PC ratios of 0.5/0.5 to 0.3/0.7 [BrBAPTA]
of 50-80 uM was used; for PS/PC ratios of 0.3/0.7 to 0/1.00,
buffer without chelator was used. Samples were sealed under
argon and then slowly rotated in the dark at 20 °C for 2 weeks
(unless the time course of dissolving Ca?* was under study).
Aliquots were then centrifuged, and absorbance was measured
as above.

ESR. PS/PC samples on cellulose filter supports were
prepared as described above for Ca?* binding measurement.
After 1 week of Ca?* binding, one or two damp strips of
lipid-containing filter, 4 X 15 mm, were placed on the outside
flat walls of a quartz aqueous sample cell. Some samples were
prepared by adding Ca?* in buffer directly to a dry film of
PS/PC on the bottom of a glass tube, slowly rotating the tube
for one week, and then transferring the sample into the flat
quartz cell. Spectra were recorded on a Varian E-4 X-band
spectrometer with 100-kHz field modulation, interfaced to a
PDP-11/23 computer.

X-ray Diffraction. PS/PC samples on filter supports were
prepared as above. Four or five damp strips of lipid-containing
filter, approximately 0.9 X 10 mm, were pushed to the bottom
of a thin-walled glass capillary, 1-mm i.d. Diffraction mea-
surements were made by use of the focused, monochromatic
X-ray source at the Cornell High Energy Synchrotron Source
(CHESS) as previously described (Caffrey, 1985).

Electron Microscopy. PS/PC samples on filter supports
were fixed and stained in OsQ, and then dried by mechanical
pumping. The filter was embedded in Epon resin, sectioned,
and poststained with lead citrate (Telford & Matsumura,
1970).

Visual Determination of Phase Boundaries. PS/PC mix-
tures in CHCl;, approximately 60 mM in lipid, were added
to 100.0-uL volumetric capillaries that had been sealed at one
end. Samples of 2.5 umol of total lipid were dried by me-
chanical pumping, with the vacuum gradually increased over
2 h, followed by pumping overnight. Buffer with or without
Ca?* or Ca?/BAPTA was added, and tubes were flushed with
argon and then sealed. Tubes were centrifuged back and forth
at approximately 200g, alternating with periods of incubation



1272 Biochemistry, Vol. 28, No. 3, 1989

16

08}

FRACTION PS BOUND

Q4r

a

0 2 a 6 8 10 2
[ce®’] M
FIGURE 1: Binding of Ca?* to POPS/POPC multilamellar liposomes
shows supersaturation before binding begins, with only a small fraction
of possible binding sites accessible. The arrowheads indicate increasing
concentrations of Ca?* added to POPS/POPC mixtures lyophilized
from cyclohexane. Samples of 2 mM total lipid were slowly rotated
at 20° for 5 days before [Ca?*] was measured. (@) POPS/POPC
= 0.6/0.4; (0) POPS/POPC = 0.4/0.6.

at 20 °C, over 2 weeks. Each capillary was finally centrifuged
at 13000 rpm for 4 h in an SW-27 swinging bucket rotor. The
volumes of the lipid and aqueous phases were determined by
linear measurement.

RESULTS

We can attempt to examine the relationship of the extent
of Ca?* binding with the PS/PC ratio and the Ca?* concen-
tration by a direct approach: adding a Ca?*-containing so-
lution to a dry film of PS/PC, incubating the sample, and then
measuring both the amount of Ca?* bound and the final
[Ca?*]. This kind of experiment reveals the peculiar curves
shown in Figure 1: a negligible amount of Ca?* binds until
a certain degree of supersaturation exists, whereupon Ca?*
binds. However, because of poor Ca?* permeation through
the hydrated lamellae, added Ca®* increases the aqueous
[Ca?*] after only little binding occurs.

In contrast, support of multilamellar samples on Millipore
filters results in much more Ca?* binding than occurs with
liposomes. Samples of hydrated PS/PC, supported on washed
cellulose Millipore filters, had the same appearance when
observed by thin-section electron microscopy as did similar
multilamellar preparations described by Tokutomi et al.
(1979). Support of the samples also makes convenient the
transfer of multilayers containing bound Ca?* either to a
sample holder for X-ray diffraction or ESR studies or else to
a solution of Ca?* chelator for the purpose of establishing an
equilibrium [Ca?*]. The time course of the [Ca?*] up to 120
h after addition of Ca?*/BAPTA to hydrated PS/PC sup-
ported on Millipore filters is shown in Figure 2 for several
different PS/PC ratios, each at two different initial [Ca?*]
of =~0.8 and ~3 uM. Ca?" binding does not increase signif-
icantly after four days. In order to dissolve a portion of the
bound Ca?* and thereby to determine an equilibrium [Ca?*]
[see Feigenson (1986) for the rationale], the samples that had
been exposed to aqueous Ca®* for 120 h were transferred to
buffer containing BAPTA. The time course of the [Ca?*] over
a 96-h period is also shown in Figure 2: the [Ca?*] first drops
as the chelator rapidly binds a small amount of accessible Ca?*
and then the [Ca?*] rises to approach an equilibrium value
as bound Ca?* dissolves. On the basis of these experiments,
we chose standard incubation periods of 1 week for Ca?*
binding and 2 weeks for Ca?* dissolving to reach an equilib-
rium value of [Ca?*]. Lipid decomposition was found to be
<1%, estimated from thin-layer chromatography in chloro-
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FIGURE 2: Time course of Cal* equilibration with POPS/POPC
multilamellar samples supported on cellulose ester filters. The solid
symbols show the time course of Ca?* binding to POPS/POPC =
1.0/0 (@), 0.8/0.2 (A), and 0.6/0.4 (m), each starting from initial
[Ca?*] of 0.8 and 3 uM. After 120 h of incubation, samples were
transferred to 0.05 mM BAPTA to reduce [Ca®*] below the equi-
librium value. The open symbols show the time course of Ca®*
dissolving toward an equilibrium [Ca?*] for POPS/POPC = 1.0/0
(0), 0.8/0.2 (4), and 0.6/0.4 (D).
form/methanol /water, 65/25/4, of 50-ug lipid samples that
had been incubated for 5 weeks during [Ca?*] determinations.
The dependence of the amount of Ca?* bound on the
equilibrium [Ca?*] is shown in Figure 3 for a range of PS/PC
ratios. The data are plotted as the fraction of occupied sites
vs the logarithm of the concentration of aqueous free Ca?*,
(Note that a logarithmic scale is used in order to fit the range
of data on one graph, not to imply a relationship among pa-
rameters.) For each PS/PC ratio, added Ca?* does not bind
initially, but instead increases the aqueous free [Ca?*} until
a characteristic value of [Ca®*} is reached, whereupon most
of the added Ca?* binds with little increase in the [Ca?*].
Hereafter, we refer to this characteristic value of the aqueous
free Ca?* concentration when hydrated PS/PC, Ca®*-bound
lipid, and aqueous Ca?* solution phases coexist as [Ca2*]*.2

2 For pure POPS in 20 mM Pipes buffer and 100 mM KCl, extrap-
olation of the “fraction of PS bound” to zero gives [Ca?*]* = 0.040 %
0.002 uM. In earlier work with a buffer of 100 mM Pipes and 100 mM
KCl, we found [Ca®*]* = 0.14 + 0.05 uM for POPS (Feigenson, 1986).
Although the protocol used in the recent work allows binding to occur
much closer to equilibrium and thus enables larger and more regular
arrays of Ca(PS), to form, there could be a real effect of ionic strength
on the binding equilibrium. The filter support itself appears to have no
effect on the binding strength since our most recent studies of Ca?*
binding to unsupported multilamellar POPS also give [Ca?*]* = 0.04 uM
in the 20 mM Pipes and 100 mM KCl buffer (Joy Swanson, unpublished
data). We note also that because the experiments shown in Figure 3 were
designed to detect the onset of binding, data were obtained at low frac-
tions of PS bound. At higher fractions of PS bound, the isotherms bend
toward higher [Ca?*] (Feigenson, 1986, and data not shown).
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FIGURE 3: Ca?* binding to multilamellar samples of POPS/POPC supported on cellulose ester filters. Samples were incubated in Ca2*/chelator

solutions for 1 week, during which time Ca?* binding took place. Samples were then transferred to Ca?*-free chelator solutions and incubated

for 2 weeks, and the final [Ca?*] values shown in the figure were measured. POPS/POPC ratios are 1.0/0 (@), 0.8/0.2 (0), 0.7/0.3 (4),

(():.6!+0.4 (a), 0.55/0.45 (m), 0.50/0.50 (O), 0.4/0.6 (#), 0.3/0.7 (<), 0.2/0.8 (¥), 0.15/0.85 (¥), 0.10/0.90 (@), and 0.05/0.95 (©). No
a

binding to pure POPC was detected.

Table I: X-ray Diffraction Patterns of POPS/POPC Multilayers
Containing Bound Ca?*

mole ratio, mole ratio,
PS/PC lines obsd (A™) PS/PC lines obsd (A™)
1.0/0 49.1 and higher 0.4/0.6 49.1
ordersn =2, 3,5 8.3
8.3 4.8,4.5
48,46,4.5, 43,42 0.2/0.8  49.1 and higher
0.8/0.2  49.1 and higher orders n = 2, 3
orders n = 2, 3 8.3
8.3 4.8,4.5,4.2
4.8, 4.5

For a given PS/PC ratio, the characteristic Ca?* binding
behavior is independent of the total lipid concentration over
a range of 0.2-20 mM for PS/PC = 1.00/0 and 2-20 mM
for PS/PC = 0.8/0.2 to 0.4/0.6. The total lipid concentration
was fixed at 20 mM for PS/PC = 0.3/0.7 to 0/1.00. For pure
palmitoyloleoyl-PC (without PS) at 20 mM, at the highest
value of [Ca?*] examined, 1000 uM, one Ca?* was bound per
2000 PC, a result that is near the measurement error. For
comparison, Ca?* binding to PS/PC = 0.05/0.95 was 5-fold
greater than to pure PC.

Previous experiments have established by chemical analysis
that Ca®* binds to hydrated PS (without PC) to form
Ca, 0o(PS),.09 (Feigenson, 1986). However, for PS/PC mix-
tures the nature of the Ca?*-bound lipid must be determined
by less direct methods because of the difficulty of physical
separation of Ca?*-bound lipid from coexisting lipid without
bound Ca?*. Thus, we compare the properties of pure Ca(PS),
with those of PS/PC containing bound Ca?* by means of
X-ray diffraction and ESR spectroscopy.

The X-ray diffraction patterns for filter-supported samples
of PS/PC containing bound Ca?* are given in Table I.
Photographs of the diffraction patterns for PS/PC = 1.00/0
and 0.2/0.8 are shown in Figure 4. The same sharp features
of the Ca(PS), diffraction pattern are seen in the patterns for
all ratios of PS/PC examined. In particular, the diffraction
patterns show a series of sharp low-angle lines with Bragg
spacings having the ratios 1:!/,:!/4 etc., which correspond to
a lamellar spacing of 49.1 A; wide-angle lines at 4.5 A~! and

FIGURE 4: X-ray diffraction from multilamellar lipid samples recorded
on X-ray sensitive film. (A) Pure POPS with [Ca®*] approximately
0.1 pM; 80-90% of the lipid is Ca(PS),, and the rest is hydrated PS.
(B) POPS/POPC at an initial ratio of 0.2/0.8 with [Ca?*] approx-
imately 0.6 mM; about 60% of the PS, or ~10% of the total lipid,
is Ca(PS),, and the rest is hydrated PS/PC.

4.8 A1 are observed, and a line at 8.3 A™! that is characteristic
of various Ca**-bound PS species (without PC) is apparent
(Hauser & Shipley, 1984).

The possibility that Ca* binding to PS/PC mixtures leads
to a rigid phase that contains no PC is addressed by ESR
experiments with spin-labeled PS and spin-labeled PC. A
simple experiment is to incorporate either (7,6)PS or (7,6)PC
in POPS multilamellar liposomes and to record ESR spectra
in the presence or absence of Ca®*. The spectrum of (7,6)PS
in POPS shows an increase in outer hyperfine splitting from
51 to 59 G (Figure 5A) caused by Ca?* binding. This increase
corresponds to a large change in the order parameter, from
S =0.55t0.S = 0.8. In contrast, the spectrum of (7,6)PC
in POPS shows only slight line broadening, with no change
in hyperfine splitting, caused by Ca?* binding (Figure 5B).
The PS/PC samples on cellulose filters show behavior like that
of the simple POPS liposomes: incubation of PS/PC = 0.5/0.5
containing (7,6)PS, with excess Ca®* results in a new spectral
component with outer hyperfine splitting of ~59 G (Figure
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FIGURE 5: ESR spectra of spin-labeled lipids show immobilization
of PS but not of PC upon addition of Ca?* to multilamellar samples
containing PS. Dotted lines show the presence of Ca?* at 2 mM (A
and B) or 10 mM (C and D) final concentration. (A) (7,6)PS/POPS
= 1/1000; (B) (7,6)PC/POPS = 1/1000; (C) (7,6)PS/POPS/POPC
= 0.005/0.495/0.500; (D) (7,6)PC/POPS/POPC = 0.005/0.500/
0.495. Liposome dispersions (A and B) or filter-supported multilayers
(C and D) were incubated with buffer for 1 week, and ESR spectra
shown as solid lines were recorded. Ca?* was then added, samples
incubated for 2 weeks, and the ESR spectra shown as dotted lines
were recorded.

Table II: Composition of Lipid Phase in the Presence of Excess
Aqueous Phase

mole ratio, [Ca?] H,0/total lipid,
PS/PC (uM) mole ratio at phase boundary

1.0/0 0 (200-250)/1
1.0/0 0.04 (175-225)/1
0.8/0.2 0 (200-250)/1
0.8/0.2 0.06 (225-275)/1
0.7/0.3 0 (200-250)/1
0.7/0.3 0.13 (200-250)/1
0.5/0.5 0 (175-225)/1
0.5/0.5 0.38 (175-225)/1
0.4/0.6 0 (250/300)/1
0.4/0.6 0.7 (250-300)/1
0.3/0.7 0 (175-225)/1
0.3/0.7 2 (175-225)/1
0.1/0.9 0 (175-225)/1
0.05/0.95 0 (125-175)/1
0/1.0 0 (40-45)/1
0/1.0 103 (50-55)/1
0/1.0 10 (55-60)/1
0/1.0 10°% (40-45)/1

5C). In contrast, (7,6)PC incorporated in PS/PC = 0.5/0.5
shows no significant spectral changes after 2 weeks of incu-
bation in excess Ca?* (Figure 5D). Almost identical ESR
results were observed for PS/PC = 0.6/0.4 and 0.4/0.6,
showing no incorporation of (7,6)PC into a rigid phase under
conditions where addition of Ca?* causes pronounced ordering
of (7,6)PS (data not shown).

In order to obtain additional phase information, PS/PC
mixtures in capillary tubes were equilibrated with buffer with
or without Ca?*. From the known quantities of PS, PC, and
water, together with the measured equilibrium volumes of the
phases, the water/lipid ratio at the boundary of a two-phase
region could be approximately determined. In these mea-
surements the [Ca?*] was kept low enough that no significant
binding to lipid occurred. Results are shown in Table IIL.

DiscussioN

Nature of the Ca** Binding Reaction. The stoichiometry
of Ca?* binding to pure PS lamellae was established in an
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FIGURE 6: Nonideal mixing of POPS and POPC. The thermodynamic
activity of the PS as given by [(0.040 uM Ca2*)/[Ca?*]]!/? (see text)
is plotted against the mole fraction of PS. The dotted lines show the
range of ideal mixing, given the experimental uncertainty of [Ca?*]*
for pure POPS of 0.040 % 0.002 uM.

earlier study (Feigenson, 1986) to be Ca, o9 (PS),9 0n the basis
of binding isotherms showing no binding beyond this ratio as
well as by chemical analysis of the binding product. For Ca?*
binding to PS/PC mixtures, we conclude that the chemical
reaction is the same as that for pure PS because of three kinds
of experimental results: (i) X-ray diffraction patterns (Table
I and Figure 4) are consistent with the formation of an iso-
morphous product of Ca?* binding to mixtures of PS/PC =
1.0/0, 0.8/0.2, 0.4/0.6, and 0.2/0.8; (ii) ESR spectra show
that spin-labeled PS but not spin-labeled PC is found in the
rigid lattice formed by Ca?* binding to PS/PC mixtures
(Figure 5); (iii) the fluorescent anthroyloxyl-labeled PC
partitions out of Ca(PS), and into coexisting fluid PS/PC with
a partition coefficient of 100 favoring the fluid phase (Florine
& Feigenson, 1987).

If we conclude that Ca®* binds to PS/PC to form Ca(PS),,
then an important relationship emerges between the value of
the equilibrium calcium ion concentration, [Ca%*], and the PS
concentration in the bilayer (data shown in Figure 3). The
Ca?* binding reaction is written as

Ca(PS), + water = Ca?*(aq) + 2PS~(aq) 2)
Kp = (ace+)(a%s-) /acyps), (3)

The thermodynamic activity of a pure phase of Ca(PS), is a
constant, set at unity by choice of the standard state. The
relationship between the thermodynamic activity and the
measured concentration for Ca?* in 20 mM Pipes and 100 mM
KCl can be written as a2+ = 4’[Ca?*], where 4/ is the activity
coefficient for aqueous Ca2*. The activity of PS can be ex-
pressed in terms of the PS mole fraction in the PS/PC bilayer
as apg = v[PS]. If we use the convention that apg = 1 when
[PS] = 1, then from Figure 3 and eq 3 Kp = y/[Ca?*]* =
v'(0.040 uM). For other values of PS/PC and [Ca?*]*

Kp/aca = 0.040 uM/[Ca®*]* = a% = (y[PS])*  (4)

A plot of apg vs [PS], i.e., [(0.040 uM)/[Ca?*]*]"/2 vs [PS],
shown in Figure 6, reveals the nonideality of mixing of POPS
in POPC. The behavior is familiar: PS follows Raoult’s law
at high PS concentration, consistent with ideal mixing of PS
and PC; PS follows Henry’s law at low PS concentration, with
negative deviation from ideal mixing. For dilute PS, the slope
yields an activity coefficient of ~0.35. An activity coefficient
less than unity in the Henry’s law region is commonly observed
for an attractive interaction between unlike molecules
(Glasstone, 1946) as occurs, for example, for chloroform in
acetone (von Zawidzki, 1900): hydrogen bonding occurs
between unlike molecules. A different explanation is likely
for dilute PS in PC: electrostatic repulsion between negatively
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FIGURE 7: Pseudoquaternary phase diagram for PS, PC, Ca?*, and water. Three-component regions at the faces of the tetrahedron are shown.
Pressure is constant at 1 atm, temperature at 20 °C. The presence of Pipes buffer, KCI, and Ca?* chelator is neglected. The diagram is not
drawn to scale. The number of coexisting phases is shown as a circled number within a region. The regions of low water content are not explored,
and this lack of information is emphasized by the broken lines that form the Ca?* vertex. (A) The PS, Ca?*, and water system [see Feigenson
(1986) for a detailed discussion of this three-component system]. The one-phase hydrated PS region extends to H;O/PS = 250/1. An aqueous
Ca®* concentration of 0.040 xM is in equilibrium with Ca(PS), and hydrated PS in one three-phase region. In the other three-phase region
saturated aqueous CaCl, of ~4 M is in equilibrium with solid hydrated CaCl, and Ca(PS),. The two-phase regions have coexisting Ca(PS),
+ aqueous Ca?*, Ca(PS), + partially hydrated PS, and hydrated PS + aqueous Ca?*. (B) The PS, PC, and water system is shown with two
principal regions. The boundary is a line that intersects one edge at HyO/PC = 45/1 and another edge at H,O/PS = 250/1. (C) The PC,
Ca?*, and water system is shown with two principal regions. The boundary passes through H,0/PC =~ 45/1 at [Ca?*] = 0, 1, 10, and 100

mM.

charged PS molecules is relieved for PS-PC neighbors. Thus,
the chemical potential of PS surrounded by PC is lower than
that of PS surrounded by PS. If binding of K* ions to PS is
neglected, then each PS probably has a full unit of negative
charge at all values of the PS/PC ratio at pH 7 (MacDonald
et al,, 1976; Cevc et al., 1981; Tsui et al., 1986). Furthermore,
among the factors that influence lipid mixing, the relative
magnitude of an electrostatic repulsion would be large for
POPS/POPC compared to any acyl chain effect. For lipid
mixtures with differences in acyl chains, molecules with like
acyl chains would tend to be neighbors.

The discussion above ascribes the observed dependence of
the aqueous Ca?* concentration on the PS/PC ratio at the
phase boundary of Ca(PS), formation to a molecular-level
picture of the ideality of mixing PS and PC. However, two
other categories of effects, in addition to PS/PC mixing, might
influence the Ca?* binding equilibrium: (i) a direct effect of
Ca?* or water on apg as a function of the PS/PC ratio; (ii)
a variation in the free energy of bringing together lamellae
of PS/PC via “bridges” of Ca(PS), as a function of the PS/PC
ratio.

The first effect (i) is likely to be small because the
water/lipid ratio in the lipid phase does not vary significantly
in the range PS/PC = 0.1/0.9 to 1.0/0 in the presence or
absence of Ca?* (Table I). Also, no binding of Ca?* to
fluid-phase PS/PC was detected, up to the boundary for
Ca(PS), formation. Thus, a direct influence of Ca* or of
water on apg at the phase boundary for Ca(PS), formation is
unlikely.

The second effect (ii) refers to the possible dependence on
the PS/PC ratio of the free energy to form bridges of Ca(PS),
between lamellae that are initially separated by 175-250 water
molecules per lipid (80-110 A between lamellae). This
bridging might be influenced by a free energy required to
distort the bilayer planarity or to partially dehydrate the fluid
PS/PC. The effect might show up in the equilibrium value
of [Ca?*]* and/or in the nucleation (degree of Ca?* super-

saturation) for Ca(PS), formation. We do not yet know how
to estimate the importance of this effect.

Phase Diagrams. The Ca?* binding isotherms of Figure
3 show that for every PS/PC mixture from 1.0/0 to 0.05/0.95

A PC B PC

/ i
! : R /
CaClyi- : >H,0  CaClys: - H0

PS PS

FIGURE 8: Three-phase volume region of the tetrahedron pictured
as arising from areas of the PS, Ca?*, water system upon addition
of PC. (A) The two-phase area of Ca(PS), + aqueous Ca?* must
accommodate some PC, although the amount of PC either in Ca(PS),
or in the aqueous phase has been too small to measure. Thus, the
diagram indicates where a thin, two-phase volume must form, un-
derlying a three-phase area of coexisting Ca(PS), + hydrated PS
containing a trace of PC + aqueous Ca?*. This three-phase area is
continuous with the three-phase area shown in the face of the tet-
rahedron that contains no PC. (B) The three-phase areas shown in
(A) become a three-phase volume as PC concentration increases. At
any point within this volume coexist Ca(PS),, fully hydrated PS/PC,
and aqueous Ca?*.

added Ca?* does not bind (i.e., is no more concentrated in the
lipid phase that in the aqueous phase) until a particular Ca?*
concentration ([Ca?*]*) is reached that is characteristic of the
value of PS/PC. Once binding begins, the [Ca?*]* is essen-
tially invariant. There is no dependence of this characteristic
[Ca?*]* on the amount of Ca(PS), formed or on the amount
of the PS/PC mixture that is present initially. This inde-
pendence of thermodynamic activity as the amount of a sub-
stance varies is the hallmark of a pure phase. Thus, both
Ca(PS), and hydrated PS/PC behave as pure phases when
both are coexisting with an aqueous Ca?* phase. This con-
clusion enables us to apply the phase rule (Findlay, 1951): v
= ¢ — p + 2, where v is the variance of the system, c is the
number of components, and p is the number of phases. In our
study, ¢ = 4 (PS, PC, Ca?*, and H,O are capable of inde-
pendent concentration changes). Temperature and pressure
are fixed at 20 °C and 1 atm. When three phases coexist, the
variance must be one. Indeed, we observe that the PS/PC
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FIGURE 9: One-phase hydrated PS area in the absence of PC (A) becomes, upon addition of PC, a one-phase volume of hydrated PS/PC,
shown in two views, (B) and (C). The amount of Ca?* added is too small for high-affinity binding at any given PS/PC ratio within the one-phase
volume. Thus, the concentration of Ca?* in this phase ranges from zero up to the concentration at which Ca(PS), forms.
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FIGURE 10: Two-phase hydrated PS area in the absence of PC (A)
becomes, upon addition of PC, a two-phase volume of hydrated PS/PC
+ aqueous Ca?* (B). The amount of Ca2* added is too small for
high-affinity binding at any given PS/PC ratio within the two-phase
volume.

composition can be varied (i.e., “chosen™), and thereupon the
concentration [Ca?*]* is fixed. This discovery of a charac-
teristic CaZ* concentration [Ca2*]* that is invariant for a given
PS/PC ratio when Ca(PS),, hydrated PS/PC, and aqueous
Ca?* coexist at equilibrium implies the absence of any essential
importance in the product of the aqueous [Ca?*] with the
amount of PS or in the ratio of bound Ca?* to the amount of
PS.

These observations of the phase behavior of PS, PC, Ca?*,
and water are organized in a pseudoquaternary phase diagram
that is shown in the series of Figures 7-11. This diagram
contains likely, but unexplored, regions (Figure 11) in order
to complete the description: samples of low water content

A N B

EEAN
SN
e N

PS

PC

Feigenson

and/or [Ca?*] greater than 100 mM were not studied. The
presence of components, namely, Pipes buffer, KCI, and Ca?*
chelator, in addition to those at the vertices of the tetrahedron,
is neglected. This diagram is based upon the following ob-
servations: (i) a pure phase of Ca(PS), can form; (ii) when
Ca(PS), and hydrated PS/PC coexist, the aqueous Ca®*
concentration is fixed at a value [Ca?*]* characteristic of the
ratio of PS/PC found at equilibrium; (iii) [Ca?*]* is inde-
pendent of the total lipid concentration; (iv) for [Ca?t] <
[Ca?*]*, a hydrated PS/PC phase and an aqueous phase
coexist, with virtually the same [Ca?*] in each phase; (v)
PS/PC lamellae take up water and exist as a single phase until
water is in excess; (vi) the aqueous phase contains very little
PS or PC; (vii) CaCl, has limited solubility in water, precip-
itating as a hydrated solid at low water concentration.

In order to show clearly the regions of interest, Figures 7-11
are not drawn to scale. The range of Ca?* concentrations
studied, ~0.02 uM-100 mM, is shown on a diagram that
extends from pure CaCl, to pure water. The stoichiometry
of the Ca(PS), phase is correctly scaled on a mole fraction
basis between pure PS and pure CaCl,.

Figures 8—11 each show particular areas of the PS, Ca®*,
water system, together with four-component volumes, in order
to clarify the relationship between the three-component area
region and a volume region of the four-component PS, PC,
Ca?*, water system.

Finally, we emphasize that the regions of low water content
and/or high Ca?* concentration are likely to have complex
phase behavior, which is not shown on the diagram.

C

PC

FIGURE 11: Two-phase volume region of low water content pictured as arising from two-phase areas of the PS, Ca?*, H,O system upon addition
of PC. (A) An unexplored but likely region of the diagram has three coexisting phases: Ca(PS),, solid hydrated CaCl,, and saturated aqueous
CaCl,. When the total concentration of Ca?* decreases and the concentration of PC increases sufficiently, both the solid hydrated CaCl, phase
and the saturated aqueous CaCl, phase must disappear, eventually leaving two phases: Ca(PS), and partially hydrated PS/PC/Ca?*. The
boundary of this two-phase region is not determined but is indicated schematically as overlying a three-phase area. Also shown in (A) is a
two-phase area in the plane of the PS, Ca?*, water system, from which the two-phase volume region can be pictured as arising upon addition

of PC, as shown in two views, (B) and (C).
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We can understand the shape of the Ca®* binding isotherms
shown in Figure 3 by referring to the phase diagram: A sample
at the start of each isotherm corresponds to a point in the
two-phase area of Figure 7B, established by the PS/PC ratio
and the total lipid/water ratio. Adding Ca®* to this sample
corresponds to moving from this point toward the Ca?* vertex.
High-affinity Ca?* binding begins at the intersection of the
volume shown in Figure 8B. At this boundary Ca(PS), forms,
in equilibrium with hydrated PS/PC at the initial ratio and
the aqueous Ca?* concentration [Ca?*]* that is characteristic
of this PS/PC ratio (see eq 4). As more Ca?* is added, more
Ca(PS), forms, the ratio of PS/PC in the coexisting hydrated
lipid phase decreases, and the equilibrium [Ca?*] increases.
These changes in composition of coexisting PS/PC and [Ca?*]
as Ca®* is added correspond to the small positive slope of the
isotherms in Figure 3.

Comparison with Unilamellar Vesicle Studies. In both this
and an earlier study (Feigenson, 1986) we observed supersa-
turation of aqueous Ca?* prior to the onset of high-affinity
binding. Because we choose to use an equilibrium thermo-
dynamic approach, we overcome supersaturation (essentially
by incubating samples for weeks and by partially dissolving
the Ca?*-bound lipid). High-affinity Ca?* binding between
unilamellar vesicles would also be subject to supersaturation;
i.e., there is a significant free energy barrier to nucleate Ca®*
lipid-phase formation. The cation concentration required to
nucleate a phase in model studies has little predictive value
because it would not be directly related to a biological phe-
nomenon wherein a nucleation barrier could be subject to
control, or at least could be strongly dependent upon other
components. In contrast, because there exist well-defined
relationships among the equilibrium values of component
thermodynamic activities, the phase behavior and the chemical
equilibria that underlie the observed Ca?* binding between
bilayers are revealed.

Why Is Ca(PS), So Stable? A reasonable but qualitative
explanation for Ca(PS), stability (i.e., for high-affinity Ca?*
binding to PS) emphasizes the observation that the binding
of aqueous Ca?* to the hydrated PS surface without an ap-
posed bilayer is low-affinity binding, about 6 orders of
magnitude weaker than the binding between lamellae (Nir et
al., 1978; McLaughlin et al., 1981). The apposed bilayers are
capable of strong mutual attraction (Guldbrand et al., 1984;
Kjellander & Marcelja, 1985; Marra, 1986; Rand et al., 1988).
Because Ca(PS), is a chemically well-defined compound, the
nature of its stability cannot lie in correlated fluctuations that
require chemical variation. Instead, the stability of Ca(PS),
(relative to that of hydrated Ca?* and hydrated PS/PC la-
mellae) is probably derived from (i) the chelation of Ca?* by
six to eight well-disposed PS headgroup ligands, together with
the favorable enthalpy of Ca?* binding to carboxyl and/or
phosphate moieties; (ii) an orderly array of Ca2*—phospho-
serine that completely eliminates electrostatic and hydration
repulsive forces (Ohki, 1984; Marra, 1986); and (iii) a large
attractive dispersion interaction at close approach (Ninham
& Parsegian, 1970). These attractive interactions are not
manifested by individual PS molecules, but instead require
locally cooperative PS conformations together with the large
numbers of PS molecules necessary for interlamellar inter-
actions. Thus, there is a phase transition.

Significance. POPS and POPC are chemically well-defined,
yet reasonably representative of naturally occurring phos-
pholipids. Ca?* binds with high affinity between bilayers of
these lipids in a range of POPS/POPC ratios and aqueous
Ca?* concentrations that occur in biological systems. For

Biochemistry, Vol. 28, No. 3, 1989 1277

example, at POPS/POPC = 0.2/0.8, Ca?* binds with high
affinity at [Ca?*] ~6 uM. Because the formation of the
Ca?*-bound phase of Ca(PS), requires virtual contact of two
bilayers, the biological phenomenon of Ca?*-dependent mem-
brane fusion might involve a phase transition of the sort de-
scribed here.
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Isotopic Labeling Affects 1,25-Dihydroxyvitamin D Metabolism'
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ABSTRACT: Isotope substitution can change the biochemical properties of vitamin D. To determine the effect
of substituting 3H for 'H on the metabolism of 1,25(OH),D,, we measured the metabolic clearance rate
and renal metabolism of unlabeled and 3H-labeled 1,25(OH),D;. Substitution of *H for 'H on carbons
26 and 27 [1,25(0H),[26,27(n)-*H]D;] or on carbons 23 and 24 [1,25(0H),[23,24(n)-*H]D;] reduced
the in vivo metabolic clearance rate of 1,25(OH),D; by 36% and 37%, respectively, and reduced the in vitro
renal catabolism of 1,25(OH),D; by 11% and 54%, respectively. Substitutions of *H for 'H on carbons
23 and 24 as opposed to carbons 26 and 27 reduced conversion of [*H]1,25(OH),D; to [*H]1,24,25(0OH),D,
by 25% and to putative 24-0x0-1,23,25-dihydroxyvitamin D, by 1600%. These results indicate that substitution
of *H for 'H on carbons 26 and 27 or on carbons 23 and 24 can reduce the metabolic clearance rate and
in vitro metabolism of 1,25(OH),D; and quantitatively alter the pattern of metabolic products produced.

Isotopically labeled vitamin D and metabolites of vitamin D
are used extensively in studies of vitamin D metabolism. These
studies have proven to be extremely valuable in defining how
vitamin D is metabolized and in isolating the biologically active
forms of the vitamin. In most cases, it is tacitly assumed that
substitution of *H or 2H for 'H or C for '2C has little, if any,
effect on the physicochemical or biochemical properties of the
molecules. However, isotopic labeling can alter the chroma-
tographic properties of many molecules, including the vitamin
D metabolites (Blake et al., 1975; deRidder & van Hall, 1976;
Oats et al., 1978; Horning et al., 1979; Thenot et al., 1980;
Halloran et al., 1984). We have shown, for example, that
substitution of 3H for 'H on carbon 23 (C-23) and carbon 24
(C-24) can change the retention times of 1,25-dihydroxy-
vitamin D5 [1,25(OH),D;]! and 25,26-dihydroxyvitamin D,
[25,26(OH),D;] on silica columns by as much as 3.7%
(Halloran et al., 1984).

Isotopic labeling can also alter metabolic properties and,
in particular, the metabolism of vitamin D (Elison et al., 1961,
Horning & Lertratanangkoon, 1978; Jones et al., 1983; Ta-
naka & DeLuca, 1982; Bell et al., 1986; Langenhove, 1986).
Although there are no direct studies comparing the metabolic
properties of labeled and unlabeled vitamin D, Tanaka and
DeLuca (1982) showed that substitution of *H for 'H in 25-
hydroxyvitamin D (25-OH-D) can alter its metabolism in vitro.
These investigators report that the in vitro rate of metabolic
conversion of [*H]-25-OH-D; to [*H]-24,25-dihydroxyvitamin
D; [[*H]24,25(0H),D;] or [*H]25,26(0OH),D; is dependent
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upon where the *H is incorporated into 25-OH-D; (Tanaka
& DeLuca, 1982). Conversion of [*H]-25-OH-D; to [*H]-
24,25(0H),D; is favored when [*H]-25-OH-D; is labeled in
the C-26 and -27 positions, whereas conversion to [*H]-
25,26(0OH),D; is favored when the [3H]-25-OH-D, is labeled
in the C-23 and -24 positions. No study, however, has ad-
dressed the effect of *H-labeling on the metabolism of 1,25-
(OH),D, the most biologically active form of vitamin D.

To determine whether substitution of *H for 'H on C-23
and -24 or on C-26 and -27 changes the metabolism of 1,25-
(OH),D,, we examined the in vivo metabolic clearance rate
(MCR) and in vitro renal metabolism of 1,25(OH),D,,
1,25(0OH),[26,27(n)-*H]D;, and 1,25(0H),[23,24(n)-*H]D,.
Our results indicate that *H-labeling can reduce the metab-
olism of 1,25(OH),D in vivo and in vitro and change the profile
of metabolites produced.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Bantin and Kingman,
Fremont, CA) weighing 100-125 g were fed ad libitum a
semipurified, vitamin D deficient diet containing 1.2% calcium
and 0.9% phosphorus (Suda et al, 1970). All rats were
supplemented with vitamin D, (200 IU/day) and maintained
on their diet for at least 10 days before experimentation.

Metabolic Clearance Rate. The metabolic clearance rate
(MCR) was measured by using the constant infusion method
as previously described (Halloran et al., 1986). Rats were

! Abbreviations: 25-OH-D,, 25-hydroxyvitamin D,; 1,25(OH),D;,
1,25-dihydroxyvitamin Ds; 24,25(0OH),D,, 24,25-dihydroxyvitamin Dy;
25,26(OH),D,, 25,26-dihydroxyvitamin D,; 24-0x0-1,23,25(OH);D;,
24-0x0-1,23,25-trihydroxyvitamin Dj.
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