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[I//t'thyl-'JC]SM (15 JlCilJlmol) was prepared from SM
f'1110wingthe demethylation/remethylation procedure of Gupta
[.: Bali (1981). I-Palmitoyl-2-0Ieoyl-sn-glycero-3-phospho-
c:,oline (POPC) was obtained by acylating I-palmitoyl-sn-
;!ycero-3-phosphocholine with oleic anhydride (Gupta et al..
:977). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine and
.~ analogues (I~) were synthesized following the published

;':lc:thod (Kumar & Gupta. 1983). 1.2-Dipalmitoyl-sn-
,lycero-3-phosphocholine (2a), 1,2-dipalmitoyl-sn-glycero-3-
: 10spho-N.N,N-trimethylpropanolamine (2b), 1,2-di-
,." Im itoy 1-s n- gl ycero- 3- phos pho- N ,N.N - tri met h yl-a-et hyI-
':hanolamine (2c), 1,2-dipalmitoyl-sn-glycero-3-phospho-
','.N,N-trimethyl-a-phenylethanolamine (2d), and I,2-di-
'3ImitoyI-sn-glycero-3-phospho-N,N,N -trimethyl-a- benzyl-
;hanolamine(2e) werepreparedby treating the corresponding
'hosphatidylethanolamines (la-e) with iodomethane/diiso-
.ropylethylaminein methanol (Gupta & Bali, 1981). Typi-
ally, 160mgof eitherof the phosphatidylethanolamines,la-e.
,'assuspendedin anhydrousmethanol (5.0 mL), and to it were
dded diisopropylethylamine(0.5 mL) and iodomethane(1.5
.1L).The reactionflaskwastightly stoppered,and the mixture
'iasstirred at room temperature (25-35 DC)in the dark for
~o-30 h. Progress of the reaction was monitored by TLC.
\fter the reaction was complete, the solvent was removed
under reduced pressure. The residue was chromatographed
over silica gel column with increasing amounts of methanol
in chloroform as the eluant. The pure fractions were pooled
together,and after the solventswere removed,the residuewas
rechromatographed over Sephadex LH-20 to afford pure
samples of 2a-e.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (2a) was
characterized by its cochromatography and superimposable
IR and NMR with those of the pure sample of this phos-
pholipid,obtained fromSigma Chemical Co. The compounds
2~ were characterized by JR. NMR, and C. H, and N
analyses. The optical purity of the glycerolbackbonein 2a-e
was established by their hydrolyses with phospholipaseA2'
yield (2a-e) 50-65%.

Analysis of 2b showed the following: JR Pm..(KBr) 1750
(C=O) cm-I; NMR 0 5.2-4.9 (m. I H, CH), 4.7-4.1 (m,4
H, CH2-O-P), 4.1-3.7 (m, 2 H, CH2-O-CO), 3.6-3.4 (m,
2 H, CH2-N), 3.3 [s,9 H, N(CHJhJ, and 2.3-2.0 (m, 4 H,
CH2-COO). Anal. Calcd for C4IHs2NOsP: C, 65.86; H,
10.97; 1;1,\.87. Found: C, 65.45; H, 10.85; N, 2.12.

Analysis of 2c showed the following: JR Pm..(KBr) 1740
(C=O) cm-I; NMR 0 5.3-5.0 (m, I H, CH), 4.9-4.0 (m, 4
H, CH2-O-P), 4.0-3.6 (m, 2 H, CH2-Q-CO), 3.6-3.4 (m,
I H, CH-N), 3.2 [s, 9 H, N(CHJhJ, and 2.5-2.0 (m, 4 H.

. CH2-COO). Anal. Calcd for C42HsJNOsP.HP: C,64.69;
H, 11.04; N, 1.80. Found: C, 64.39; H, 10.85; N, 1.72.

Analysis of 2d showed the following: IR Pm..(KBr) 1740
(C=O) cm-I; NMR 0 7.3 (s, 5 H, C6H5),5.5-5.0 (m, I H,
CH), 4.7-4.5 (m, I H, CH-N), 4.5-4.1 (m.4 H, CH2-o-P),
4.1-3.8 (m. 2 H, CH2-O-CO), 3.4-3.2 [s, 9 H, N(CHJ)J).
and 2.3-1.9 (m, 4 H, CH2-COO). Anal. Calcd for
C46HSJNOsP.2H20:C, 66.75;H, 10.39;N, 1.66. Found: C,
67.05; H, 10.29;N, 1.54.

Analysis of 2e showed the following: JR Pmax(KBr) 1740
(C=O) cm-I; NMR 0 7.4 (s, 5 H, C6H5), 5.0-4.7 (m, I H,
CH). 4.5-3.2 (m. 9 H, CH2-O-P, CH2-OCO, CH-
CH2-C6H5). and 3.35 Is, 9 H, N(CHJhJ. Anal. Calcd for
C4,H86NOSP:C, 68.53;H, 10.45;N, 1.70. Found: C,68.85;
H, 10.60; N, \.86.

Small Unilamellar Vesicles. A solution of SM. traces of
14C-labeledSM, and about 30 mol% of one of the compounds
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2a-e in chloroform/methanol (1:1 v/v) mixture was evapo-
rated in a glass tube under a slowjet of N2,resulting in the
formation of a thin lipid film on the wall of the tube. Final
traces of the solvents were removed by leaving the tube in
vacuo for 3-4 h. The dried lipid mixture was dispersed in
Tris-buffered saline (10 mM Tris containing 150 mM NaCI.
pH 7.4) so as to achieve a concentration of about 1.25Jlmol
of phosphatidylcholines/mL of buffer. It was vortexed for
5-10 min at room temperature (25-35 0c). The lipid dis-
persion so obtained was carefully transferred to a water-
jacketed cuvette and sonicated (40°C) under N2 in a
probe-type sonicator (Heat Systems. W-220F) to give an
optically clear suspension (35-50 min). The sonicated prep-
arations werecentrifugedat 105000g(Ti-50 fixed-anglerotor)
for 60 minat 10°C to affect the removalof titanium particles
as well as poorlydispersed lipids. Only the vesiclesfound in
the top two-thirds of the supernatant were used in the study.

VesicleSize Determination. The vesiclesizewasdetermined
by analytical molecular sieve chromatography on Bio-Gel
A-50m at 22 :!:2°C. A downward flowingcolumn (I X 50
cm) of Bio-Gel A-50m maintained at constant hydrostatic
pressure was equilibrated with Tris-buffered saline. A mea-
sured aliquot (0.5 mL) of each vesiclepreparation wasapplied
to the column and eluted with the same buffer at 8 mL/h.
One-milliliter fractions were collected and analyzed by
measuring total phosphorus or 14C.

The Stokes radii of vesicles eluted from the column were
calculatedaccording to Ackers (1967). The voidvolume(Vo)
and internal volume (Vi) were determined by using Blue
Dextran 2000 (or multilamellar vesicles)and glycylglycineas
the markers, respectively. SBMV (Stokes radius 160A) and
-y-Ig(Stokes radius 52 A) were used to calibrate the column.

Entrapment Capacity of Vesicles. For determining the
entrapment capacityof vesicles,SUV wereprepared from SM
and 30 mol % of one of the phosphatidylcholines2a-e in Tris
buffer containing [14C]glucose(about 5 JlCi), by sonication.
The vesiclepreparations were fractionated by ultracentrifu-
gation as describedabove. After the total amounts of 14Cand
lipid P associated with the fractionated preparation were
measured, a knownvolumeof this preparation was carefully
chromatographedon a Sephadex G-50 column(1.4 X 40 cm)
for effecting separations between the entrapped and free
glucose. The column was eluted with the same buffer at 22
mL/h (4°C). Fractions (0.5 mL each) wereanalyzed for 14C
and phosphorus. Vesicleswere invariablyrecoveredin the void
volumeof the column. Recoveriesof 14Cand lipid P from the
column were over 95%.

Vesicle Phospholipid Hydrolysis by Phospholipase A2.
Vesicles (2-4 Jlmolof lipid P) were incubated with 20 Jig of .
phospholipase A2in Tris-buffered saline (10 mM Tris con-
taining 150 mM NaCI and 10 mM CaCI2.pH 8.5) in a total
volumeof 1.0mL for 3 hat 25-30 °C with or without bovine
serumalbumin (9.2 X 10-5M) or 2%methanolin diethylether
(I mL). The reactions were terminated by addition of EDTA
(100 mM, \.0 mL). The lipidswere extracted, and the intact
and hydrolyzed phospholipidswere separated by TLC on E.
Mercksilicagel plates. The platesweredevelopedas described
'under General Methods. Spots were removed and eluted
several times with a chloroform/methanol (I: I vIv) mixture.
Total phosphorus present in each spot was determined ac-
cording to Ames & Dubin (1960). The recoveries of phos-
pholipids from silica gel were at least 90-96%.

Kinetics of Phospholipase A2 Hydrolysis. Kinetics of PC
hydrolysis by phopholipase A2 was studied in small vesicles
comprisedof SM and 2a (30 mol%). The vesiclepreparation
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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-2c; (D) SM-2d; (E) SM-2e.

was divided into two equal portions. After addition of
methanol/diethyl ether (2:98 vIv) to one of the portions, both
the portions were incubated with phospholipase A2 essentially
under the conditions as described above. Aliquots removed
at different time inter..als were treated with equal volumes of
100 mM EDT A. Lip Js were extracted. The extracts, after
being concentrated under N2, 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-
siderationsas discussedearlier for phosphatidylethanolamines
la-e (Kumar & Gupta, 1983). SUV from binary mixtures
of SM and PC were formed by sonication (pH 7.4) and
fractionated by centrifugation. Only the vesiclescontaining
about 30 mol % of one of the phosphatidylcholines2a-e were
considered appropriate for the study. This concentration of
PC selectedas an increasedmole fraction of this lipid (50 mol
%) in the vesiclesresulted in markedly enhanced releaserates
of the entrapped solute during phospholipaseA2treatments.
On the other hand, 'reducing the vesicle PC levels to 15 mol
% led to difficulties in accurately estimating the amounts of
ly~PC due to its partial mixingwith the highlydiffusedband
of SM on the TLC plates.

, The vesiclesize was determined by molecular sievechro-
matography on Bio-GelA-50m. Figure 2 showsthat in spite

KUMAR AND GUPTA

o 20 40 60

TIME (MINUTES)

FIGURE3: Effluxof theentrapped6-CFfromSM-2a vesiclesduring
phospholipase A2 treatments. Fully quenched concentrations of 6-CF
(Weinstein et aI., 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 em). The vesicles were incubated
separatelywithbuffer(0), 10mMCa2+(~), phospholipaseA2and
10 mM Ca2+ (X), and phospholipase A2 and 5 mM EDT A (v) 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-IOO(1% final concentration). Percent of 6-CF release
was calculated from 100 X dyer/dye" where dyer and dye, denote free
and total dye, respectively. Degradation of PC in the vesicles that
were treated with phospholipase A2 in the presence of Ca2+ was
established by TLC analysis.

of the differences in the PC head-group,~tructurethe 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 vesiclesize. The
Stokes radius of these vesicleswascalculated as described by
Ackers (1967), with SBMV and ")'-Igas the column markers.
These vesicles were found to have a Stokes radius of about
ISO A. This is quite consistent with the internal volume of
the vesicles (0.6-0.7 ILL/ILmolof lipid P) determined by
[14C]glucoseentrapment.

Transbilayer PC distributions in SM-PC vesicleswere as-
certained by analyzing the accessibilityof this phospholipid
to phospholipase A2 in intact vesicles (Sundler et aI., 1978;
Kupferberg et aI., 1981; Kumar & Gupta, 1984).- That the
structural integrity of the vesiclesis 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 vesiclesfrom the Bio-Gel
column. Figure 3 showsthat the leakagerates of the entrapped
6-CF were not significantly enhanced during hydrolysis of
SM-2a vesiclesby phospholipaseA2. Also,the elution profiles
of vesiclesfrom Bio-GelA-50mremainedunaffectedafter their
treatments with the enzyme(Figure4). It is thereforeinferred
from these experiments that the vesicles'hydrolysis by phos-
pholipase A2 neither causes vesicleslysis nor vesicle fusion.

Previousstudies have shownthat phospholipaseA2in intact
vesicles hydrolyzes only the glycerophospholipids that are
present in the outer monolayer (Sundler et aI., 1978; Kup-
ferberg et aI., 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 lysedvesicles. In the intact
SM-2a vesicles,phospholipase A2hydrolyzed about 50% 2a

" in 2 h. These amounts did not further increase with time up
to 6 h (Figure 5). In identiCalconditions, this enzyme in the
lysed vesicles readily cleaved about 93% 2a in I h. This
demonstrates that phospholipaseA2in intact SM-PC vesicles
degrades only that fraction of PC that is localizedin the outer
surface of the SUV bilayer and that the internal pool of 2a ~
doesnot rapidlyexchangewith the external2a in these vesicles. - _.;~

. The latter finding is consistent with the earlier studies that _::", -
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GURE4: Elution profile of Ehospholipase A2hydrolyzed SM-2a
:sicles,containingtracesof [I C]SM, from a Bic-GelA-50mcolumn
~ x 50 cm): (A) vesicles before enzyme treatments; (B) vesicles
iter treating them with phospholipase A2 for 3 h. Vo is tbe void
Jlume.
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FIGURE 5: Kinetics of hydrolysis of 2a in SM-2a vesiclesby phos-
pholipase A2: (8) intact vesicles; (0) vesicles lysed with 2% methanol
in diethyl ether.

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

These experiments besides demonstrating that phospholipase
Az in intact SM-PC vesicles hydrolyzes only the external PC
also establish that treatments 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 Az in intact SM-2a
vesicles hydrolyzed only about 45% of the total vesicle 18. But

., - -.

"Values are mean of six determinations % SD.

Table II: Vesicle Phospholipid Degradation by Phospholipase A2 in
the Presence of Bovine Serum Albumin

vesicles

vesicle lipid composition"

PC (%) SM (%)

30.2 % 0.1 69.8 % 0.1
30.6 % 0.4 69.4 % 0.4
29.1 % 0.2 70.3 % 0.2
29.3 % 0.5 10.1 % 0.3
29.1 % 0.6 10.9 % 0.6
28.6 % 0.3 71.4 % 0.3

PC

degrada-
tion (%)"

50.2 % 0.5
50.7 % 0.6
78.2 % 0.3
69.7 % 0.8
80.8 % 1.5
81.7 % 0.4

SM-POPC
SM-2a
SM-2b
SM-2e
SM-2d
SM-2e

"Values are mean of four to six determinations % SD.

Table III: Vesicle Phospholipid Degradation by Phospholipase A2 in
the Presence of 2% Methanol in Diethyl Ether

"Values are mean of four to six determinations % SD.

in identical conditions, this enzyme readily degraded about
79% 2b, 70% 2e, 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 Az treatments (Kupferberg et aI.,
1981), as the amounts of hydrolyzed 2a did not significantly
increase after including 9.2 X lO-sM bovineserum albumin
in the incubationmixture (Table II). 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 Az, in identical conditions, resulted in almost
complete(over94%)hydrolysesof 2tH! (Table III). Neither'
can the abovedifferencesbetween the amounts of hydrolyzed
18 and 2b-e be attributed to differencesin the size of vesicles
because the various SUY preparations were shown to have
similarStokes radii and internalvolumes. From these ex-
perimental facts, we conclude that the observed differences
between the accessibility of 2a and its analogues to phos-
pholipase Az in intact vesiclesare primarily due to changes
in the PC distributions across the vesiclesbilayer.

In small unilamellaregg PC vesicles(Stokes radius 105 A),
the ratio of external lipidto the internallipidis about 2 (Huang
& Mason. 1978). This ratio irr the SM-PC vesicles on the
one hand shoulddecreasedue to increasein 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 aI., 1977). The external PC to internal PC ratios
that are appreciably lesseror greater than 2 would, therefore,
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Table I: Vesicle Phospholipid Degradation by Phospholipase A2

vesicle lipid composition"
PC

degrada-
vesicles PC (%) SM (%) tion (%)"

SM-POPC 21.1 % 0.5 72.3 % 0.5 44.6 % 1.3
SM-2a 28.3 % 0.7 71.7 % 0.7 46.9 % 1.7
SM-2b 30.5 % \.8 69.5 % 1.8 78.1 % 2.0
SM-2c 28.6 % 0.6 7\.4 % 0.6 69.5 % 0.5
SM-2d 28.4 % 0.9 1\.6 % 0.9 19.8 % 1.3
SM-2e 30.5 % 0.6 69.5 % 0.6 82.1 % 0.8

vesicle lipid composition"
PC

degrada-
vesicles PC (%) SM (%) tion (9'0)"

SM-POPC 29.8 % 0.9 10.2 % 0.9 94.5 % 2.0
SM-2a 30.3 % 0.5 69.7 % 0.5 93.3 % 2.2
SM-2b 31.3 % 0.6 68.1 % 0.6 93.8 % \.9
SM-2e: 30.4 % 1.1 69.6 % \.I 94.6 % ).3
SM-2d 30.0 % 0.8 10.0 % 0.8 93.9 % 2.7
SM-2e 28.3 % 0.3 11.7 % 0.3 96.0 % 0.9



5162 BlOCH E M ISTR Y

Table IV: Distributions of Phosphatidylcholines" in Small
Unilamellar SM-PC Vesicles

vesicles [PC], (mol %) [PC]; (mol %) [PC),/[PC];
SM-POPC 15.16 15.04 \.01
SM-2a 15.51 15.09 \.03
SM-2b 23.22 6.48 3.58
SM-2c 20.42 8.88 2.30
SM-2d 23.51 5.59 4.21
SM-2e 23.37 5.23 4.47

"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-la vesiclesis onlyabout I, suggestingthat in thesevesicles
2a is preferentially distributed in the inner monolayer. This
distribution does not seem to be influenced 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 IV). These results are in agreement with the earlier
studies that showedthat PC in highlycurvedSM-PC vesicles
invariably prefers the inner monolayer (Berden et aI., 1974,
1975;Castellino, 1978). However, this preference of PC in
these vesiclesis dramatically altered upon introducingC2Hs,
C6HS'and C6HsCH2'substituentsat the carbon atom adjacent
to the quaternary ammonium group. The so-derived PC
analogue 2e seemed to distribute symmetrically across the
SM-2e vesiclesbilayerwhereas2d and 2e werepredominantly
localizedin the outer monolayer. Similarly, the PC derivative
2b, whereinthe phosphateand quaternary ammonium groups
were separated by three CH2 residues, also preferred the ex.
terior side in SM-2b vesicles.

Substitutionsby C2Hs,C6HS'and C6HsCH2groupsare 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 repu!sion 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-2e (or 2d,e)
vesiclesand also between the melting phase transition tem-
peratures ("Tmft)of 2a and 2c-e. But replacement of 2a by
2e-e in SM-PC bilayers was not found to affect the efflux
rates by [14C]glucose from the vesicles. Also, the "'Tmft values
for 2e-e (40-42 0c), as determined by differential scanning
calorimetry, were quite similar to that observed for la (41 0q.
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 furthcr concluded that the phospholipid distributions
across the vesicles bilayer are largely dctermined by the dif.
ferences between the head-group volumes of SM and the
phosphatidy1cholines 2a-e. This is consistent with the earlier
studies (Nordlund et aI., 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 aI., 1975; Massari et aI., 1978; Lentz et aI.,
1980). . . .

Hydration characteristics, surface area per lipid molecule,
and head-groupconformationfor SM are similar to those for.
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the structurally related PC (Shipley et aI., 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-2e vesiclesand is reversed in the vesicles
comprised of SM and 2b, 2d, or 2e. In these cases, it may be
presumed that the effectivehead-groupvolumeof SM iseither
similar to or smaller than the PC head group.

In summary, this study clearly demonstrates that transbi-
layer distributions of 23 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 C6HSand C6HsCH2 substituents in the 2a head
group as wellas on increasing the 2a head group length. In
addition, nearly symmetric distributions of 2a across the
vesicles bilayer are observed on introducing one C2Hsgroup
in the choline moiety. These differences in phospholipid
distributions primarily arise from the differencesbetween the
effective head-group volumes of 2a-e and SM.
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