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* The following synthetic phospholipids were prepared. and the structures that were formed
by ultrasonic irradiation in aqueous solution were studied: 1,2-di(10-bromo stearoyl)-3sn-phos-
phatidylcholine (DBIPC), 1,2-di(10-methyl stearoyl)-3-sn-phosphatidyicholine (DMePC), and
1-palmitoyl-2-oleyl-3-sn-phosphatidylcholine (POPC). Uniform populations of small, unilameliar
vesicles were obtained in all cases by gel filtration on Sepharose 4B. Hydrodynamic and trapped
volume measurements show that POPC is nearly identical in size and shape to vesicles of egg
phosphatidylcholine whereas DBrPC and DMePC appear to have a non-spherical shapz. 'luor-
escence depolarization measurements show that vesicles from all three lipids are in the liquid
‘crystalline state between 5and 50°C.

The partial specific volume of DMePC is larger than that of egg PC, whereas the partial
specific volume of DBrPC is considerably iower; these lipids should therefore be useful in
studies requiring the separation of vesicle populations. POPC, being virtually identical in
size, shape and bilayer fluidity to egg PC, should be an excellent model of a ‘ratural’ lecithin
with a defined fatty acid composition.

L Introduction

We report here the synthesis of three phospholipids and the characterization of
unilamellar vesicles formed from them by ultrasonic irradiation. Two of these, 1,2-
di(10-bromo stearoyl)-3-sn-phosphatidylcholine (DB:PC) and 1,2 ,-di(10-methyl
stearoyi)-3-sn-phosphatidyicholine (DMePC), were synthesized with a practical
purpose in mind. For the past several years there has been an increasing interest in
the exchange or transfer of membrane components between different membranes as
well as with the plasma lipoproteins. In order to study these processes in model
systems, it would be extrernely useful to have available a population of phospholipid
vesicles which can be readily separated from a population of vesicles composed of
the more customary lipids. We have found that vesicles of DMePC have a somewhat
iower density than egg PC vesicles, whereas vesicles of DBrPC have a very much
greater density. Separation of populations can therefore be achieved by centrifug-
ation. The third phospholipid, !-palmitoyl-2-oleyl-3-sn-phosphatidyicholine (FCPC)
is of greater fundamental importance. In order to understand the details of the
physical properties of phospholipid bilayers and their interactions with membrane
components such as cholesterol, proteins and other lipids, it is necessary to study
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synthetic phospholipids. However, nearly all stndxes of synthetic phospholipid
vesicles to date have utilized phospholipids containing identical fatty acid chains on
the 1 and 2 positions of the glycerol. The information obtained with those lipids is
frequently of limited value since the phosphohptds 2 ‘ral membmez usﬁaliy
contain two different fatty acids on each m C
2-oleyl phosphatidylcholine. Our results with POPC ind ".!.ai vesiclas .emeﬂ
from this lipid would in fact be ideal for the kind of studxes mentxoned above

II. Syntheses of lipids

DBrPC and DMePC were synthesized from the appropriate fatty acids by the
procedure of Cubero Robles and Van den Berg [1]. POPC was prepared by 2 mod-
ification of this method. We first describe the. wntheses of the brominated and
methylated fatty acids and then briefly describe the procedure used to incorporate
these into phosphatidylcholine.

A. Synthesis of ethyl 10-ketostearate

Long chain keto esters of the general'formnia I may be prepared by the procedure
outlined by Chasin and Perkins [2] . In this case, monoethyl sebacate (m = 8) was
prepared from sebacic acid and diethyl sebacate by the method of Jones [3]. 10-
Ketostearate was obtained from this as described by Cason [4).
B. Synthesis of 10-bromostecric acid

10-Bromostearic acid was prepared by the following synthetic route:
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The reduction of I to 10-OH ethyl stearate (1; m=8, n=7) was accomplished by
reaction with an equimolar quantity of sodium borohydride. The sodium borohy-
dride was added slowly and with stirring to an ethanolic sciution of I (v 4% w/v) at
room temperature. The reaction mixture was stirred at ambient temperature for
about 1.5 hr, or until the evolution of hydrogen gas had csase¢. At the end of this
period any unreacted sodium borohydride was destroyed by acjusting the pH of the
mixture to neutrality with acstic acid, then stirring until the evolution of hydrogen
gas had ceased. The solvent was removed under vacuum on a r« tary evaporator and
the resulting solid residue recrystallized from 30% H, O—M:201 (v/v) to yield a
white crystalline solid with an uncorrected melting point of 45—45.5°C. The
product (94% yield) was judged to be better than 98% pure Sy silica gel TLC, using
hexane—diethyl ether—uuetic acid (30: 70: 1, v/v/v) as the eluting solvent. The
infrared spectrum showed a broad band at 3200—3600 cm~' (--OH) and 2 sharp
band at 1745 cm™! (ester — C=0).

Synthesis of ethyl 10-mesylstearate (1II) was carried out by the procedure of
Baumann and Mangold [S] for the preparation of mesylates of long chain alcohols,
with the modifications suggested by Baumann et al. {6]. A 20-23% solution (w/v)
of Il in pyridine (dried over KOH) was purged with N, and cooled 7a an ice bath
before adding dropwise, and with stirring, a 50% molar excess of methanesulfonyl
chioride. The reaction mixture was stirred at ambient tzmperature for 14—16 hr. A
volume of ice-cooled water approximately equal to that of the reaction mixture wus
added, followed by ether extraction as described by Bzumann and Mangold [5].
The combined ether phases were dried over anhydrous Na, SOy, and the solvent was
removed on a rotary evaporatcr. The resulting yellow-crange residue was twice
recrystallized at —70°C from absolute methanol (8—10% solution, w/v) to give, in
71% yield, a slightly yellow liquid that was judged to be about 95% pure by silica
gel TLC, eluting with héxane—ether (70:30, v/v). The infrared spectrum showed
bands at 1735 cm™! (ester C::0), 1375 cm™! (sulfone), and 1175 cm™ ! (sulfone).

‘The conversion of III to 2thyl 10-bromostearate (IV) was carried out with
minor modification as described by Baumann et al. [6] for 1/ e synthesis of cis-9-
octodecenyl bromide. The reaction mixture (containing 0.2 mol MgBr, and 0.1 mol
VI).was stirred continuovsly for 22 hr at room temperature, after which about one-
half of the solvent was removed on a rotary evaporator under vacuum at a temperat-
ure of 30~35°C. Five hundred ml of ice-coid water were added to the reaction
:mxtum foliewed by the series of extractions described by Bauman et al. [€]. The

nbined organic phases were dried over MgSOy, after which the solvent was
femoved on a rotary evaporator. The resulting pale yellow liquid was judged by
TLC (solvent: hexane—diethyl ether, 7:3) to be better than 95% pure, containing
onlya ﬁw mzpnmy vmh the same Rf value as the impurity found in compound
oL -

m sapannic&ﬁ% of Vto It}bmosteam acid was performed under conditions
‘that result-in little or no hydrolysis of the C—Br bond, The ethyl 10-bromostearate
(1V, 0.1 mol}, was dissolved in 900 ml methanol to which 100 mi of 5 N KOH were
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added. The mixture was stirred at 38°C for 3 hr by which time all the ‘ethyl ester
had gone into solution. Three hundred mi-H, O were- then added so that the final-
composition was MeOH- ,,;Q (9:4) and the mixture extracted twice with 250 ml
portions of hexane. The resulting MeOH—H, O phase was isolated, acidified with 5
N HCl to pH = 1 and again extracted twice with 250 ml poi’ umsof hexane The -
final two hexane phases, containing extracted faity acids, were evaporaied under -
vacuum to ywid a white amorphous solid with' an uncorrected melting. pointof
41.5-42.5°C (the reported melting point of a mixture of 9,10-bromostearic acid
is 43—44°C, Fox et al. {7]. TLC chromat agraphy utilizing 20:70:1 hexane—diethyl
ether—~acetic acid indicated a trace impurity with an Ry corresponding to that of
10-OH stearic acid. In order to remove this trace impurity, the ‘product was recry-
stallized at —70°C from 9:1 MeOH—H, O {v/v). The resulting white amorphous
solid (84% yield relative to VI) was judged uniform by TLC and had an uncorrected
melting point of 43—44°C. The infrared spectrum is consistent with the: proposed -
structure, showing bands at 1710.cm™ (acid C=0) and 510~540 cm™! (~C—Br).
The mass spectrum showed a principal pesk with /e = 283, which is consistent
with M"/e — 79.9 (for loss of a bromine atom). Gas chromatographic analysis ona
Shimadzu GC-4B instrument using 10% Silar 10C on Gas Chrome Q (Allteck:
Associates, A:hngton Heights) was also atiempted (column temperature, 170° C
injection point, 220°C; detection, 220°C). However, the methyl ester of the product
appeared to decompose during the chromatographic run, giving two principle peaks.
The first of these had a retention time identical to that of methyl oleate and. trailed
significantly into the second and broade: peak. The column effluent collected from
either of these peaks gave, when neappiied to the column, a single peak having the
retention time of methyl oleate. , .

C. Synthesis of 10-methylstearic acid

"The synthesis of 10-methylstearic acid, from ethyl-10-ketostearate, was carried
out with modification according to the immduw described by Chasin and Perkms
[2}. ,

D. Syntheszs of 1 Z-dtacyl &swphoxphaﬁdylcholm o e i '
The synthesis of the three phosphatidylcholines used in- this study were /;:artied
out with modifications according to the procedure of Cubero Fobles and'V :
Berg [1]. Specific details that differed from: the standard procedure
below. Fatty acids wera converted ta aaiaf/dndw usmg dicycloh

as demed fmm chick ﬁgg
phesphatxdylchohfne as descnuea oy maana 1:5 j
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ratio of about 3:2:1) were mixed in 2. 50 ml pear-shaped flask, which, after flushing
with argon, was evacuated, and rotated in 2 heated oil bath. The temperature of the
oil bath and the time of reaction were varied according to the particular acyl chains
being esterified to GPC (see below).

- DMePC was synthesized from 10-methylstearic anhydride by the Cubero Robles
and Van den Berg procedure with the following modifications. The ratio of react-
ants for the acylation was 25:2:1 (anhydride—potassium 10-methyl stearate—GPC).
The reaction vessel was ro‘ated on an oil bath for 24 hr at 60°C. The resulting
mixture was shaken with CHCl; —MeOH—H, O in the ratio 8:4:3 (Folch et al. [10])
and the lower phase collected. The solvent was removed on a rotary evaporator and
the tesidue dried in vacuo over P,O5. The dried residue was dissolved in chloroform
and applied to a silicic acid column (Mallinckrodt Silicar CC-4, 60—200 mesh). The
column was eluted stepwise with CHCl; —MeOH mixtures of increasing polarity,
with the phosphatidylcholine being recovered in the 4:6 CHCl;—MeOH fraction.
TLC on'silica gel G plates (250 um; solvent, 65:25:4, CHCl; —MeOH-H, O) indic-
ated a single spot on staining with iodine. The yield was 52% based on phosphorus
determination by the procedure of Bartlett [11].

In the case of DBrPC, it was found that the low reaction temperature used for
synthesis of DMePC resulted in very low yields of about 15—20%. For this reason,
the DBrPC reaction mixture was heated for 3.7 hr at 85—87°C. The reaction mix
was taken up to 400 ml 2:1 (v/v) CHCl; —MeOH and this solution was shaken with
100 mil water. The upper MeOH—H; O phase was acidified with HCI and the two
phases were again mixed. The lower phase was dried over MgSQO,, evaporated under
vacuum on a rotary evaporator, and the residue taken up in CCl;. The CHCl; solut-
jon was applied to a batch column {40% load w/w) of Mallinckrodt Silicar/CC-7
silicic acid and eluted stepwise with CHCl; —~MeOH mixtures of increasing polarity.
All of the excess acid and anhydride were removed in this way, along with much of
the othier impurities. The crude yield at this point was 65%. In order to remove all
the breakdown products caused by the high reaction temperature, two subsequent
chromatographic separations on silicic acid columns were necessary (1-2% loading,
w/w). The resulting DBrPC (2.5 mmol, 34% yield relative to L-« GPC) was judged to
be uniform by TLC, utilizing 65:25:4, CHCl; ~MeOH—H, O, as the eluting solvent.

The 10-bromostearic acid recovered from the initial few fractions of the first
silicic acid column was recrystallized from methanol, with the filirate saved for
-analysis, The gas chromatograph of the methyl ester of the material recovered from
the filtrate revealed that the breakdown peak, with the retention time of methyl
oleate, was considerably larger than in the chromatograph of methylated pure 10-
btomosteanc acnd whtch had been run under identical conditions and with a similar

1gg estzé that about 2 S% of the lﬁbramostﬂanc acid had

{and silica gel /G saiwnt 9:1 hexane——ether) gave Ry values Of 0.45, 0. 29 0.34, and
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0.35 for methyl stearate, methyl oleate, methyl 10-bromosiearate, and the methyl
ester of the hydrolysate. It was impossible to detect any contamination in the
hydrolyzed fatty acid. On the basis of these analyses, we estimate that the break-
down of 10-bromostearic acid to unsaturated derivatives was less than 3% durir §
the synthesis, purification and subsequent stcrage of DBrPC. DBPC and 10-br mo-
stearic acid were at all times stored at —20°C in brown glass contziners.

E. Synthesis of 1-palmitoyl-1-oleyl phosphatidylcholine

POPC vas synthesized from oleic ard palmitic acids (Sigma, 99% _ure) by a
modification of the Cubero Robles and Van den Berg method. The crude lyso-PC
was dissolved in 1:9 MeOH—CHCl; and purified by silicic acid column chromato-
graphy.

Acylation of the lyso-PC with oleic anhydride (prepared by the DCC method)
was performed by a procedure similar to that used by Cubero Robies and Van den
Berg to prepare the diacyl phosphatidylcholines. Twe nmol lyso-PC were evaporat-
ed to dryness in a SO ml pear-shaped flask, washed wi.~ CCl;, and dried overnight
under vacuum over P,Os. Five mmol oleic anhydride in CCl, (prepared by the DCC
method) were added and the CCl, removed by evapnration under vacuum. Finally,
4 mmol potassium oleate containing a small excess (%) oleic acid were added.
The flask was flushed with argon, evacuated, and rotated for 24 hr at 60°C in an oil
bath The product was worked up in the usual way and purified by silicic acid
column chromatography. This procedure differs from that for the diacyl lecithins
in the order of addition of the reactants. The usual procedure for diacyl lecithins
calls for evaporating to dryness a methanolic solution of GPC and fatty acid salts,
drying overnight, then adding anhydride. When we followed this procedure (using
lyso-PC instead of GPC), the final product of the acylation wzs exclusively dioley!
PC. We presume that methanolysis of lys0-PC to GPC occurred in the first step.
This could occur if the K'-oleate (prepaied by titration of oleic acid with methan-
olic KOH) contains even a slight excess of methanolic KOH. Therefore, to avoid
hydrolysis, the anhydride was added before the salt. Also, the fatty acid ‘salt’
contained a 10% excess of free fatty acid. Analysis of the lecithin showed equimol-
ar amounts of oleic and palmitic acid, and > 97% palmitic acid in the 1-position.

1. Experimental
A. Preparation of phosphatidyicholine vesicles

Small vesicles of the synthetic phosphatidylcholines were prepared by the method
of Huang {12]. Lyophilized phosphatidylcholine was suspended in buffer and
subjected to ultrasonic irradiation in a Branson W-350 sonifier, at 0°C under N,
until a clear dispersion was obtained. After removal of undispersed lipid and titan-
ium particles by centrifugation, the clear dispersion was subjectzd to molecular sieve
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chromatography on fresh Sepharose 4B a1 4°C. A typical elution profile, showing
the absorbance at 306 nm, concentration of lipid phosphorous, and trapped glucose,
is shown for DBIPC in fig. 3A. The trapped volume determinations will he discussed
in detail later. The vesicle fractions obtaired from the descending portion of the
included peak showed a constant ratio of 300 nm absorbance to lipid phosphorus,
and were used for the hydrodynamic measurements.

B. Sedimentation velocity measurements

Sedimentation velocity measurements were carried out at 20 + 0.05°C in a
Spinco Model E ultracentrifuge equipped with an RTIC temperature-control unit
and a schlieren optical system fitted with a phase plate Kodal: metallographic
plates were used to photograph the schlieren patterns which were then read on a
two-dimensional microcomparator. A double sector capillary-type synthetic
boundary cell with a 12 mm optical path was used in all experiments. The rotation-
al speeds were maintained at velocities between 42,040 and 60,000 rpm. Since the
schlieren peaks were highly symmetrical, sedimentation coefficients were calculated
from plots of time versus log r determined from measurements of the positions
of the maximum ordinate.

C Diffusion measurements

Diffusion studies were carried out in the analytical ultracern.trifuge under condit-
ions identical with those employed for sedimentation velocity studies except that
the experiments were performed at a lower speed of approximately 10,000 rpm
for 3—4 hr. At this speed, the boundary did not move appreciably. The apparent
diffusion coefficient, D,pp, was calculated by the maximum ordinate-area method
from the following relationship (Ehrenberg [13]):

.....l_. __é__. 2
Dapp = 747 Gty

where A is the area und:r the gradient curve as measured on the photographic plate
at time ¢, Hy, 4, is the maximum height of the curve, and & is the magnification
factor along the radial coordinate. Apparent diffusion coefficients obtained by this
method were reduced to values in water at 20°C, D2y, (Svensson and Thompson

[14]).
D. Determination of apparent partial specific volumes

Apparent partial specific volumes were calculated from density measurements
made at 20 £ 0.01°C in an Anton Paar Model 02C magnetic densitometer. The
apparent partial specific volumes were calculated from density data using the
following relationship (Cassassa and Esenberg {15} ):
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o - ( [ zoomc Po)]

where p, is the density of the buffer, p is the density of the phosphatidylcholine
vesicle solution, and c is the concentration of lipid.

E. Trapped volume determinations

The volumes of the internal, solute-available, aqueous compartments of the
three vesicles species considered here were determined by ‘trapping’ potassium
ferricyanide (K3 Fe(CN)s) or [ *C ] glucose (Schwarz/Mann, lot XR-2337). Vesicles
containing trapped marker were prepared by sonication of the lipid in a buffer
containing the chemical marker followed by gel filtration on Sepharose 4B (Bio
Rad) as described above. The chromatography step served not only to size the
vesicles, but also to remove non-trapped marker from the vesicles. In the case of
['#C] glucose trapping, it was found that about 10% of the glucose leaked out of
the vesicles during the 4 hr required to elute the homogeneous vesicle fraction from
the Sepharose 4B column. For this reason, columns were eluted with a buffer
identical to the buffer used in sonication, except that it contained ‘cold’ glucose
instead of [**C]glucose. Buffers contained, in addition to glucose, 0.01 M KCl
(Heico, ultrapure grade) and 0.001 M Tris (Schwarz-Mann, enzyme grade) at pH 7.5.
Trapped K3Fe(CN), was determined by first disrupting the chromatographed
vesicles with 1-propanol (to a final concentration of 25:75 propancl—water (v/v))
and then measuring the absorbance of the sample at 420 nm (Newman and Huang
[16]). The trapped aqueous volume was calculated as:

— MM,

where ¥, is expiessed as pl of trapped volume per umol of vesicle phospholipid, M;
and M, are the concentrations of trapped solute in the chromatographed vesicle
sample and in the sonication buffer, respectively, and P is the molar concentration
of phospholipid in the vesicle sample determined as inorganic phosphate (Bartlett
[11]). For K3Fe(CN)s trapping, M; and M, were proportional to the absorbance
at 420 nm (with appropriate corrections for dilution). The radiopurity of the [**C}
glacose used in these measurements was checked by TLC on Eastman microporous
cellulose plates developed in butanol—pyridine—H, O (6:4:3, v/v/v) and visualized
with aniline diphenylamine (Sigma Chemical). One spot, with Ry corresponding to
a glucose standard, contained 99.1% of the radioactivity found on the plate and no
other spots vzere detected.

F. Nuclear magnetic resonance determination of vesicle monolayer mass ratio

As an additional check on the size of the vesicles nrepared here, measurement
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was made of the ratio of N-methyl protons on the cutside monolayer relative to the
inside monolayer of the vesicie bilaycr. Vesicle samples were dialyzed into D, O
buffer (99.9% D, 0), containing 0.01 M KC1. PiCl; was added to a ratio of 0.05-
0.06 PrCl; /phospholipid in order to split the inner and outer N-methyl proton
peaks (Huang et al. [17]). Proton magnetic resonance spectra and integrated peak
intensities were recorded on a JEOL F'T100 instrument at a pulse rate of 2.1 sec.
The ratio of the number of phosphatidylcholine molecules in the outer monolayer
of the vesicle to the number iz the inrer monolayer was calculated simpiy as the
ratio of the downfield N—CH; peak intensity (i.e., shifted downfield by the
presence of Pr** ion) to the unshifted N—CH, peak intensity.

G. Bilayer microviscosity measurements

Estimates of the bilayer microviscosity were obtained from measurement of the
fluorescence depolarization of 1,6-diphenyl-1,3,5-hexatriene (DPH) (Shinitzky et al.
[19], Shinitzky and Barenholz [20]) as previously described (Lentz et al. [21]).
For all measurements reported, light-scattering corrections were less than 1% of
total fluorescence intensity.

IV. Results
A. Hydrodyvnamic and trapped volume measurements

The values of the hydrodynamic parameters for vesicles of the three synthetic
phospholipids, along with the values ¢f the trapped volumes and monolayer mass
ratios, are summarized in table 1. The hydrodynamic parameters were obtained in a
straightforward manner by the methods that have been used previously for the
characterization of egg PC vesicles. By contrast, the trapped volume determinations
were complicated by the finding that this number varies with K3FeCNg concentrat-
ion. ‘

The dependence of trapped volume estimates on the concentration of K3Fe(CN),
or glucose in the trapped buffer is presented in fig. 1 for 2gg yolk phosphatidylchol-
ine sesicles. Trapped volumes obtained from ['*C]glucose experiments were
essentially independent of glucose concentration over the range studied with an
average value of 0.170 ul/umol phospholipid resulting from the data in fig. 1. Data
obtained from Ki Fe{CN)6 trapping, on the other hand, gave very large values for

the volume of the internal solute-available aqueous compartment at low K Fe(CN),
concentrations, but approached the [**C} glucose values at high concentrations of
the salt. That thisvariation in trapped volume was not due to ferricyanide-induced
changes in the size of the phosphatidyicholine vesicles was demonstrated by the
constancy af the outer monolayer to inner monolayer mass ratio, as determined by
proton mﬁgﬂetic resonance (see fig. 1). Since variation in vesicle structure has been

“ruled out, the shape of the ferricyanide trapped volume curve was taken to suggest
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that the ferricyanide ion might be binding to the egg phosphatidyicholine vesicle
according to the equation:

[Fe(CN)6*~ 1 bouna = K [phospholipid] (3)

Such binding, independent of ferricyanide concentration, results in values for the
trapped, solute-available volume that vary with ferricyanide concentration accorcing
to:

V?bs = V? +K/[F?(CW)53<] {4

where f"?b“ is the observed trapped volume, and V?is the trapped volume that
would be obtained in the absence of binding (i.e., 0.170 ul/umol, as obtained in the
glucose trapping experiments). 77?“ is plotted against reciprocal ferricyanide con-
centration in fig. 2, and the data is seen to fit reasonably to a straight line. Linear
regression analysis gave a slope, K, of 0.85 mo! ferricyanide bound/mol phospho-
lipid and an intercept ( V2) of 0.172 ul/umot, in excellent agreement with Ve
obtained from glucose trapping.

The fit of the data to eq. 4 and the reasonable value of ¥ obtained strongly
suggest that a substantial number of ferricyanide ions bind to the phosphatidyicho-
line vesicles. Thus, ferricyanide trapping would seem an inappropriate means of
determining the solute-available volume of phospholipid vesicles unless a curve such
as in fig. 2 were derived for every vesicie species studied. For this reason, glucose
trapping was used to measure the trapped volumes of the synthetic phosphatidy!-
choline vesicles.

In fig. 3A, the elution profile of DBIPC vesicles from a Sepharose 4B column is
plotted using turbidity at 300 nm and '*C dpm to monitor the column fractions.
The shape of the elution profile is very similar to that obtained with egg phosphat-
idylcholine (Huang [12]). In fig. 3B, the trapped glucose concentration (as ' O dprng
in each fraction is replotted versus the phospholipid concentration of the fraction.
In this plot, a straight line, which passes through the origin, has been drawn through
the points corresponding to fractions in that porticn of the elution profile contain-
ing vesicles of uniform size. The slope of this line i¢ diretly related to the trapped
volume.

B. Bilayer microviscosity measurements

Arrhenius plots of the temperature dependence of bilayer microvis. osity within
DBrPC and DMePC vesicle bilayers are shown in fig. 4A and B, respectively. By way
of comparison, fig. 4C contains a similar plot for egg yotk phosphatidylchoine.
The fact that these curves are essentially linear over the major portion of the temp-
erature range studied indicates that no gel—liquid crystalline phase transition takes
place in these vesicles in the temperature range of 5-50°C (Lentz et al. 1211} In
addition the data in table 2 compare the microviscosities of the phosphatidyichoi-
ine vesicles under study here with those in two phosphatidylcholine vesicles that
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Fig. 4. Arrhenius plots of bilayer microviscosity, as determined by depolarization of fluorescence
of diphenylhexatriene for vesicles of DBrPC, A; DMePC, B; egg PC, C.

are known 10 undergo phase transitions in this temperature range, dipalmitoylphos-
phatidylcholine and dimyristoylphosphatidylcholine (Lentz et al. [21]). From the
values of the microviscosity at lov’ temperature and from the activation energy

(AH *) of the microviscosity, it should be clear that small, single-walled vesicles of
DB(PC and DMePC are below the gel—tiquid crystalline phase transition temperature
in the range of 5--50°C. An eatlier study has obtained a microviscosity Arthenius plot
for small POPC vesicles which was linear down to 4°C (Lentz et al. [21]), but this study
also suggested that a phase transition might occur at slightly lower temperatures. In
the range of 5—50°C, however, all three synthetic phosphatidylcholines under
consideration here formed small, single-walled vesicles with fluid, liquid-crystalline
bilayers, as did 2gg phosphatidylcholine.
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Table 2
Microviscosities within the bilayers of several synthetic phosphatidylcholine vesicles as
compared to egg phosphatidylcholine vesicles.

Phosphatidylcholine Microviscosity Microviscosity AH * visc ssity
(7°C) (poise) (45°C) (poise) (Kcal/mol)
gg yolk 2.3 0.47 7.5+ 0.1
1,2-di(10-bromostearoy!) 6.0 0.64 10.5 2 0.1
1,2-di(10-methylstearoyl) 4.2 0.4i 10,2 < 6.1
1-palmitoyl-2-oleyla 2.9 0.35 9.6 0.1
1,2-dipalmitoy12 44.0 0.69 3.3 = 0.4
3.0 = 0.6¢
1,2-dimyristoyld 42.1 0.38 i3.1 +0.2b
7.8 2 1.8

2  From the data of Lentz et al. [21].
b Above the gel-liquid crystalline phase transition.
€ Below the gel-liquid crystalline phase transition.

C Separation of DBrPC and DMePC vesicles

As noted in the Introduction, one motivation for this work was to develop
similar, synthetic phosphatidyicholine vesicle sysiems which, despite their sunilarity,
could be separated one from the other. The data in table 1 suggests that separation
of DBrPC and DMePC vesicles could indeed be accomplished by centrifugation
techniques. In order to test this, we prepared two popuiations of vesicles, one con-
taining DBrPC with 2 mol% [°H] egg phosphatidylcholine (prepared after Anejs
and Chadha [22] from methyl |*H] choline chioride obtained from Amershen -
Searle, batch 13), and the other containing DMePC with 1.6 mol % methyl [*°C]egg
phosphatidylcioline in DMePC. The two vesicle populations were prepared as des-
cribed above, but were not chromatographed before use, and, for this reason, cach
contained a he:erogeneous mixture of small vesicles and some lzarger species. Equal
molar quantities of these two vesicle populations were mixed into a total volume of
5.1 ml of D,0—H, O (69:32, mol/mol) buffer containing 0.05 M KCl. "his mixture
was centrifuged for 17.5 hr at 40,000 rpm in a Beckman SW50 rctcr. Fractions were
collected from the top using a 20-gauge syringe needle and a peristaltic pump. The
11 equal fractions were counted in a Beckman LS-233 liquid scin-illation counter
using the cocktail described above. 1he *H and ! % C activities o7 each sample were
determined by standard ratio-method quenching correction techniques using the
fixed Beckman '“C, ®H, and 1/2 *H windows. The results are shown in fig. 5 as
concentration of DBrPC and DMePC in the various fractions reinoved from the
centrifuge tube versus fraction number. This figure clearly demonstrates that vesicles
prepared from these two synthetic lipids can be easily separated from each other.
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Fig. 5. Separation of DBIPC and J!ePC vesicles by centrifugation. DBIPC, (O); DMePC, (0O).

The smearing of the DMePC peak near the top of the centrifuge tube was probably
caused by mixing of the first fow fractions during the unloading process.

V. Discussion

As indicated in the Introduction, it would te extremely useful to have available
vesicles of phospholipid which differ in density from those of the more customary
phospholipids. We have shown that DBrPC does inceed form a population of small,
stable, vesicles of uniform siz«: having a density approximately 10% greater than
vesicles of egg PC; The 8,, 5 value for DBIPC is approximately 15 times that of
egg PC. Another important finding is that the lipid is in a fluid state between 5 and
50°C so that the physical proserties of the bilayer should be reasonably similar to
that of natural phospholipias. DMePC similarly {orms a population of small, stable
vesicles of uniform size, having a fluid hydrocarbon 1egion between 5 and 50°C. The
density of these vesicles is slightly iess than that of water so that flotation, rather
than sedimentation, occurs upon centrifugation.

We may predict several potential uses for these vesicles. The DBrPC vesicles
would be valuable in studying intervesicle exchange phenomena, or as a reference
phase from which the partitioning of various water insoluble membrane components,
such as cholesterol, between vesicles of naturally occuring lipids could be determin-
ed. Finally, DBrPC vesicles might be fused with plisina membranes of cells, enab-
ling them to be fractionated more readily from other cellular membranes. The

DMePC could also be made useful in nuclear magnetic resonance studies by
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incorporating C* * methv! groups into the 10 position.

It should be pointed vut, however, that although the physical properties of the
vesicles formed from these lipids are similar to those of the more customary lipids,
the hydrodynamic data in table 1 indicate that differences do exist, as shown by
the following t:eatment. We know that the molecular weight (or number of mole-
cules per vesicle), and trapped volume of the well-characterized egg PC vesicles are
most consistent with a spherical particle having an anhydrous bilayer thickness of
46 A and 3 A layer of hydration on each side of the bilayer. This can be calculated
by simple geometry. The volume of the anhydrous bilayer, ¥}, is given by 4/3 §
(3 — r}); the number of lipid molecules per vesicle is then V}, times the packing
density of the lipid, and the trapped volume per vesicle, in A%, is given by 4/3 §

(r; — 3)°. If we now <onsider vesicles of DBrPC, it is clear that the vxperimentaily
determined values of the Stokes’ radius, number of molecules per vesicle, &V, and
trapped volume do not correspond to a spherical vesicle having the bilayer thickness
and/or hydration of egg PC. Specifically, V; and NV are much too large for a spherical
vesicle with a Stokes radius of 115 A. The discrepancies are weli beyond experi-
mental error; in order to accommodate about 4000 lipid molecules, a vesicie would
have to have a Stokes radius of approximately 135 A and a trapped volume of
0.362. Furthermore, it is not possible to fit both ¥V, and NV to a spherical particle by
assuming different values for the bilayer thickness and hydration. Therefore, we
must conclude that vesicles of DBrPC are not spherical. Similar calculations show
that the vesicles cannot be ellipsoidal either. Although we have not tried all possible
shapes, it is possible to fit the results to a cylindrical particle. The dimensions of
one such particle are as follows: height, 125 A: radius, 156 A: anhydrous bilayer
thickncss, 35 A. A vesicle of these dimensions would contain 3775 lipid molecules
and have a trapped volume of 0.257. I: is not unreasonable to expect that molecules
of DBrPC would have to pacx in a rather unusual way to accommodate the bulky
bromine groups which are located at uniform depth throughout the bilayer.

Vesicles of DMePC also appear to be non-spherical, although the deviation is not
as large as that found for vesicles of DBrPC. The radius and molecular weight are
consistent with a sphere, but the trapped volume is low. The results are
consistent with a prolate ellipsoid having major and minor axes of 146 and 106 A
and an anhydrous bilayer thickness of 46 A. Of course, other structures are possible.

The results with POPC show clearly that vesicles of this lipid are nearly identical
to those of egg PC with respect to size, shape, and bilayer fluidity. We feel that this
lipid is an excellent model for naturally occurring phospholipids. The advantage of
using POPC instead of lecithins isolated from a natural source is that vesicles of
POPC contain only a single phospholipid component. This will enable rigorous
studies of the fine structure and physical properties of the bilayer o be made. In
addition, the interaction of a natural phospholipid with other lipids and membrane
components can be studied in a simple and well-defined system:.
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