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FIGURE 2: Elution patterns of vesicles from Bio-Gel A-50m column.
For details, see Materials and Methods. (A) SM-2a; (B) SM-2b;
(C) SM-2¢; (D) SM-2d; (E) SM-2e.

was divided into two equal portions. After addition of
methanol/diethyl ether (2:98 v/v) to one of the portions, both
the portions were incubated with phospholipase A, essentially
under the conditions as described above. Aliquots removed
at different time intervals were treated with equal volumes of
100 mM EDTA. Lipids were extracted. The extracts, after
being concentrated under N,, were applied to silica gel plates
that were developed in chloroform/methanol /water (65:25:4
v/v). The spots were visualized by iodine staining. Total
phosphorus in each spot was determined as described above.

RESULTS AND DISCUSSION

"The structural changes that were introduced in the polar
head group of 2a to obtain 2b-e were based on similar con-
siderations as discussed earlier for phosphatidylethanolamines
la-e (Kumar & Gupta, 1983). SUYV from binary mixtures
of SM and PC were formed by sonication (pH 7.4) and
fractionated by centrifugation. Only the vesicles containing
about 30 mol % of one of the phosphatidylcholines 2a—e were
considered appropriate for the study. This concentration of
PC selected as an increased mole fraction of this lipid (50 mol
%) in the vesicles resulted in markedly enhanced release rates
of the entrapped solute during phospholipase A, treatments.
On the other hand, reducing the vesicle PC levels to 15 mol
% led to difficulties in accurately estimating the amounts of
lyso-PC due to its partial mixing with the highly diffused band
of SM on the TLC plates. .

The vesicle size was determined by molecular sieve chro-
matography on Bio-Gel A-50m. Figure 2 shows that in spite
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FIGURE 3: Efflux of the entrapped 6-CF from SM-2a vesicles during
phospholipase A, treatments. Fully quenched concentrations of 6-CF
(Weinstein et al., 1977) were entrapped in the vesicles. Free and
trapped dye were separated by gel-permeation chromatography over
a Sephadex G-50 column (1.4 X 40 cm). The vesicles were incubated
separately with buffer (0), 10 mM Ca®* (a), phospholipase A, and
10 mM Ca®* (X), and phospholipase A; and 5 mM EDTA (¥) at
25-30 °C. pH of the incubation mixture was about 8.5. Measured
aliquots from these incubation mixtures were withdrawn at specified
periods of time, and the amounts of total and free dye were determined
by measuring fluorescence in the presence as well as in the absence
of Triton X-100 (1% final concentration). Percent of 6-CF release
was calculated from 100 X dye/dye,, where dye; and dye, denote free
and total dye, respectively. Degradation of PC in the vesicles that
were treated with phospholipase A, in the presence of Ca®* was
established by TLC analysis.

of the differences in the PC head-group structure the elution
profiles of SM-modified PC vesicles (B-E) were almost
identical with those obtained for SM-2a vesicles (A), indi-
cating that the structural alterations introduced in the head
group of 2a do not significantly affect the vesicle size. The
Stokes radius of these vesicles was calculated as described by
Ackers (1967), with SBMV and y-Ig as the column markers.
These vesicles were found to have a Stokes radius of about
150 A. This is quite consistent with the internal volume of
the vesicles (0.6-0.7 uL/umol of lipid P) determined by
[**C]glucose entrapment.

Transbilayer PC distributions in SM-PC vesicles were as-
certained by analyzing the accessibility of this phospholipid
to phospholipase A, in intact vesicles (Sundler et al., 1978;
Kupferberg et al., 1981; Kumar & Gupta, 1984).- That the
structural integrity of the vesicles is fully retained during or
after their treatments with the enzyme was confirmed by
examining the efflux of the entrapped solutes and also the
elution patterns of the hydrolyzed vesicles from the Bio-Gel
column. Figure 3 shows that the leakage rates of the entrapped
6-CF were not significantly enhanced during hydrolysis of
SM-2a vesicles by phospholipase A;. Also, the elution profiles
of vesicles from Bio-Gel A-50m remained unaffected after their
treatments with the enzyme (Figure 4). It is therefore inferred
from these experiments that the vesicles’ hydrolysis by phos-
pholipase A, neither causes vesicles lysis nor vesicle fusion.

Previous studies have shown that phospholipase A, in intact
vesicles hydrolyzes only the glycerophospholipids that are
present in the outer monolayer (Sundler et al., 1978; Kup-
ferberg et al., 1981; Kumar & Gupta, 1984). This was es-
tablished in the present study by analyzing the kinetics of PC
hydrolysis in intact as well as in lysed vesicles. In the intact
SM-2a vesicles, phospholipase A, hydrolyzed about 50% 2a

_in 2 h. These amounts did not further increase with time up
to 6 h (Figure 5). In identical conditions, this enzyme in the
lysed vesicles readily cleaved about 93% 2a in 1 h. This
demonstrates that phospholipase A, in intact SM—-PC vesicles
degrades only that fraction of PC that is localized in the outer
surface of the SUV bilayer and that the internal pool of 2a
does not rapidly exchange with the external 2a in these vesicles.

- The latter finding is consistent with the earlier studies that
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GURE 4: Elution profile of Phospholipasc A, hydrolyzed SM-2a
ssicles, containing traces of ['*C]SM, from a Bio-Gel A-50m column
! X 50 cm): (A) vesicles before enzyme treatments; (B) vesicles
fter treating them with phospholipase A, for 3 h. ¥ is the void
oslume.
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Table I: Vesicle Phospholipid Degradation by Phospholipase A,

icle lipi o v PC
vesicle lipid composition degrada-
vesicles PC (%) SM (%) tion (%)®
SM-POPC 27.7 £ 0.5 723+ 0.5 446 £ 1.3
SM-2a 283+ 0.7 71.7 £ 0.7 469 £ 1.7
SM-2b 305+ 1.8 695+ 1.8 78.7+ 2.0
SM-2¢ 28.6 £ 0.6 714 £ 0.6 69.5+0.5
SM-2d 284 £ 0.9 71.6 £ 09 798+ 1.3
SM-2e 30.5 £ 0.6 69.5 £ 0.6 821 £ 08

®Values are mean of six determinations £ SD.

Table II: Vesicle Phospholipid Degradation by Phospholipase A; in
the Presence of Bovine Serum Albumin

s PR PC

vesicle lipid composition degrada-

vesicles PC (%) SM (%) tion (%)*°
SM-POPC 30.2 £ 0.7 69.8 £ 0.7 502 £ 05
SM-2a 30604 69.4 £ 04 50.7 £ 0.6
SM-2b 29.7+ 0.2 703+ 0.2 78203
SM-2¢ 293 £ 05 70.7 £ 0.3 69.7 = 0.8
SM-2d 29.1 £ 0.6 709 £ 0.6 808 £ 1.5
SM-2e 28.6 £ 0.3 714 £ 03 81.7£04

?Values are mean of four to six determinations £ SD.

Table III: Vesicle Phospholipid Degradation by Phospholipase A, in
the Presence of 2% Methanol in Diethyl Ether

e e g PC

vesicle lipid composition degrada-

vesicles PC (%) SM (%) tion (%)°
SM-POPC 29.8 £ 0.9 70.2 £ 0.9 945+ 2.0
SM-2a 30305 69.7 £ 0.5 933+ 2.2
SM-2b 31.3£ 06 68.7 £ 0.6 93819
SM-2¢ 304 £ 1.1 69.6 £ 1.1 946 £ 1.3
SM-2d 30,0+ 08 70.0 £ 038 93.9-4 2.7
SM-2e 28303 T1.7£ 0.3 96.0 £ 0.9

2Values are mean of four to six determinations £ SD.
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FIGURE 5: Kinetics of hydrolysis of 2a in SM-2a vesicles by phos-
pholipase A;: (@) intact vesicles; (O) vesicles lysed with 2% methanol
in dicthyl ether.

showed that transbilayer exchange (flip-flop) of phospholipids
in model membrane systems is a very slow process (Op den
Kamp, 1979).

These experiments besides demonstrating that phospholipase
A, in intact SM-PC vesicles hydrolyzes only the external PC
also establish that treatrhents of the vesicles with the enzyme
do not induce alterations in the vesicles structural integrity.
This enzyme was therefore used to probe the transbilayer PC
distributions in the various vesicle preparations. Data given
in Table I indicate that phospholipase A; in intact SM-2a
vesicles hydrolyzed only about 45% of the total vesicle 2a. But

in identical conditions, this enzyme readily degraded about
79% 2b, 70% 2¢, 80% 2d, and 82% 2e in intact vesicles. The
lower extents of PC hydrolyses in SM-2a vesicles were not
due to inhibition of the enzyme activity by lyso-2a formed
during the phospholipase A, treatments (Kupferberg et al,,
1981), as the amounts of hydrolyzed 2a did not significantly
increase after including 9.2 X 10~ M bovine serum albumin
in the incubation mixture (Table IT). Furthermore, the higher
amounts of the hydrolyzed 2b—e, as compared to that of the
hydrolyzed 2a, did not arise from vesicles lysis during the
enzyme reactions since incubations of the lysed vesicles with
phospholipase A,, in identical conditions, resulted in almost
complete (over 94%) hydrolyses of 2b—e (Table III). Neither -
can the above differences between the amounts of hydrolyzed
2a and 2b—e be attributed to differences in the size of vesicles
because the various SUV preparations were shown to have
similar Stokes radii and internal volumes. From these ex-
perimental facts, we conclude that the observed differences
between the accessibility of 2a and its analogues to phos-
pholipase A, in intact vesicles are primarily due to changes
in the PC distributions across the vesicles bilayer.

In small unilamellar egg PC vesicles (Stokes radius 105 A),
the ratio of external lipid to the internal lipid is about 2 (Huang
& Mason, 1978). This ratio ir the SM-PC vesicles on the
one hand should decrease due to increase in the Stokes radius,
but on the other, it is expected to increase as the thickness of
SM bilayers is about 25% greater than that of the PC bilayers
(Schmidt et al., 1977). The external PC to internal PC ratios
that are appreciably lesser or greater than 2 would, therefore,
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Table 1V: Distributions of Phosphatidylcholines® in Small
Unilamellar SM-PC Vesicles

vesicles [PC]. (mol %) [PC]; (mol %) [PC]./[PC];
SM-POPC 15.16 15.04 1.01
SM-2a 15.51 15.09 1.03
SM-2b 23.22 6.48 3.58
SM-2¢ 20.42 8.88 2.30
SM-2d 23.51 5.59 421
SM-2e 2337 5.23 447

¢The mol fractions of external PC ([PC),) and internal PC ([PC],)
were calculated from the values of total vesicle PC and hydrolyzed PC
as shown in Table II.

signify the asymmetric distributions of this lipid across the
SM-PC vesicles bilayer. Table IV shows that this ratio in
SM-2a vesicles is only about 1, suggesting that in these vesicles
2a is preferentially distributed in the inner monolayer. This
distribution does not seem to be infiuenced by the nature of
acyl chains in PC, as replacement of 2a in the vesicles by
POPC had no effect on the external PC to internal PC ratio
(Table 1V). These results are in agreement with the earlier
studies that showed that PC in highly curved SM-PC vesicles
invariably prefers the inner monolayer (Berden et al., 1974,
1975; Castellino, 1978). However, this preference of PC in
these vesicles is dramatically altered upon introducing C,Hs,
C¢H., and C{HCH, substituents at the carbon atom adjacent
to the quaternary ammonium group. The so-derived PC
analogue 2¢ seemed to distribute symmetrically across the
SM-2¢ vesicles bilayer whereas 2d and 2e were predominantly
localized in the outer monolayer. Similarly, the PC derivative
2b, wherein the phosphate and quaternary ammonium groups
were separated by three CH, residues, also preferred the ex-
terior side in SM-2b vesicles.

Substitutions by C,H, C¢Hs, and C¢HCH, groups are not
likely to alter the charge properties of the 2a head group but
could affect the head-group volume, the phospholipid con-
formation, and the charge-charge repulsion between head
groups in the bilayer. Alterations in the charge—charge re-
pulsion must alter the head-group separation in the bilayer
and should, therefore, lead to differences between the
permeability properties of the SM-2a and SM-2c¢ (or 2d,e)
vesicles and also between the melting phase transition tem-
peratures (“T,,") of 2a and 2¢—e. But replacement of 2a by
2¢—e in SM-PC bilayers was not found to affect the efflux
rates by ['“C]glucose from the vesicles. Also, the “T,,” values
for 2c—e (40—42 °C), as determined by differential scanning
calorimetry, were quite similar to that observed for 2a (41 °C).
From these findings, it may, therefore, be concluded that the
observed differences between the transbilayer distributions of
2a and its analogues primarily arise from the differences in
their head-group volumes rather than in their conformations
or the charge—charge repulsion between the head groups. As
the relative distributions of PC in SM-PC vesicles were found
to depend on the chemical structure of the PC head group,
it may be further concluded that the phospholipid distributions
across the vesicles bilayer are largely determined by the dif-
ferences between the head-group volumes of SM and the
phosphatidylcholines 2a—e. This is consistent with the earlier
studies (Nordlund et al., 1981; Kumar & Gupta, 1983) that
have suggested that the transbilayer phospholipid distributions
in highly curved vesicles are controlled mainly by the phos-
pholipid head-group volume rather than by the head-group
charge (Berden et al., 1975; Massari et al., 1978; Lentz et al.,,
1980). .

Hydration charactensucs, surface area per ]Ipld molecule,

and head-group conformation for SM are similar to those for -
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the structurally related PC (Shipley et al., 1974; Khare &
Worthington, 1978). However, the intramolecular hydrogen
bonding between the phosphate and the hydroxyl or amide
group in SM (Barenholz & Thompson, 1980) may, apparently,
lead to a larger effective volume of its polar head group, as
compared to that of 2a. Since the surface area per lipid head
group available in the outer monolayer is greater than that
in the inner monolayer (Huang & Mason, 1978), the pref-
erence of SM for the outer surface in highly curved SM-2a
vesicles is quite understandable. This preference probably
disappears in SM-2c¢ vesicles and is reversed in the vesicles
comprised of SM and 2b, 2d, or 2e. In these cases, it may be
presumed that the effective head-group volume of SM is either
similar to or smaller than the PC head group.

In summary, this study clearly demonstrates that transbi-
layer distributions of 2a in SUV containing SM may be reg-
ulated by affecting appropriate changes in the 2a head group.
As such, 2a distributes preferentially in the inner leaflet of
the vesicles bilayer, but this preference is reversed upon in-
troducing C¢Hs and CgH;CH, substituents in the 2a head
group as well as on increasing the 2a head group length. In
addition, nearly symmetric distributions of 2a across the
vesicles bilayer are observed on introducing one C,H¢ group
in the choline moiety. These differences in phospholipid
distributions primarily arise from the differences between the
effective head-group volumes of 2a—e and SM.
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