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Spontaneous Vesiculation of Large Multilamellar Vesicles Composed of Saturated

Phosphatidylcholine and Phosphatidylglycerol Mixtures®
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ABSTRACT: The influence of temperature and ionic strength on the vesiculation properties of large mul-
tilamellar vesicles containing various proportions of dimyristoylphosphatidylglycerol has been investigated.
It is shown that at low ionic strengths preformed large multilamellar vesicles composed of dimyristoyl-
phosphatidylcholine and dimyristoylphosphatidylglycerol (7:3) on incubation at the gel to liquid-crystalline
transition temperature (7, ~23 °C) spontaneously vesiculate to form predominantly unilamellar systems
with a mean diameter of 120 nm. Such vesiculation is not observed for incubations at temperatures
appreciably above or below T, and is also inhibited by higher ionic strengths. Stable large multilamellar
vesicles are formed, however, in systems containing the dioleoyl species of phosphatidylcholine or phos-
phatidylglycerol and also for dimyristoylphosphatidylcholine /dimyristoylphosphatidylserine mixtures. The
vesiculation properties of dimyristoylphosphatidylcholine/dimyristoylphosphatidylglycerol mixtures, therefore,
appear to reflect an instability in the region of the T driven by surface potential effects which are specific
for the glycerol headgroup.

Upon hydration, most naturally occurring phospholipids
adopt either the bilayer organization or the hexagonal Hy
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phase (Cullis & de Kruijff, 1979; Cullis et al., 1985). In both
instances, the macromolecular structures formed are large
(several micrometers) and stable such that even transitions
between these polymorphic phases do not generate small
vesicles. One exception is the case of cardiolipin which in the
presence of calcium adopts the hexagonal Hy; phase. If this
mixture is dialyzed against EDTA, small vesicles are generated

© 1988 American Chemical Society
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(Vail & Stollery, 1979). However, this is presumably due to
the removal of calcium from cardiolipin at the exterior of the
cylindrical Hy; arrays and the consequent “blebbing-off” of
bilayer vesicles. Although large multilamellar vesicles
(MLVs)! formed by the hydration of dry lipid are under os-
motic stress due to nonequilibrium solute distribution (Gruner
et al., 1985; Mayer et al., 1986), they are nevertheless stable
structures. The formation of LUVs or SUVs from MLVs
usually requires aggressive disruption, for example, by soni-
cation (Huang, 1969) or extrusion through polycarbonate
filters (Hope et al., 1985). While the formation of LUVs from
mixtures of phosphatidylcholine with either charged single-
chain detergents (Hauser et al., 1986) or short-chain phos-
pholipids (Gabriel & Roberts, 1984) has been described, the
only reported instance of MLVs composed solely of bilayer-
forming phospholipids spontaneously vesiculating concerns
mixtures of acidic phospholipids and phosphatidylcholine
transiently exposed to an alkaline pH (Hauser & Gains, 1982;
Gains & Hauser, 1983; Li & Haines, 1986). We show here
that a similar process can occur at neutral pH for mixtures
of saturated phosphatidylcholine and phosphatidylglycerol.
Surprisingly, vesiculation is rapid only at temperatures around
the gel to liquid-crystalline phase transition.

MATERIALS AND METHODS

Dimyristoylphosphatidylcholine, dimyristoylphosphatidyl-
glycerol, dimyristoylphosphatidylserine, dioleoyl-
phosphatidylcholine, and dioleoylphosphatidylglycerol were
purchased from Avanti Polar Lipids (Birmingham, AL). Lipid
purity was determined by thin-layer chromatography using
a solvent system of CHCl;/MeOH/NH,OH/H,0
(900:540:5.7:5.3 v/v), and the lipids were detected by charring.
All the lipid species showed a single spot on heavily loaded
plates.

Formation of Lipid Vesicles. Lipid mixtures were colyo-
philized from benzene/methanol (70:30 v/v), and the dry lipid
was stored at —20 °C. Unless otherwise stated, the lipid was
hydrated on ice in 2 mM HEPES, pH 7.6, at a concentration
of 10 mM phospholipid. The mixture was then transferred
to a thermostated water bath and gently stirred. For the Mn?*
permeability experiment, large unilamellar vesicles were
prepared by using the Extruder (Lipex Biomembranes, Inc.,
Vancouver, B.C.) as detailed previously (Hope et al., 1985;
Mayer et al., 1986).

Quasi-Elastic Light Scattering. Vesicle size distributions
were determined by using a Nicomp particle sizer (Nicomp
Instruments, Goleta, CA) operating at 632.8 nm and 5 mW.
This apparatus is optimized to determine particle sizes of less
than about 1 um, and where mean diameters of greater than
1 um are given, the value should be considered to be an ap-
proximation. Aliquots of the lipid suspension were diluted 1:10
with 150 mM NaCl/10 mM HEPES, pH 7.6, which had
previously been filtered through a 0.2-um polycarbonate filter
(Nuclepore Corp.). Measurements were made at 22 °C,

Nuclear Magnetic Resonance Spectroscopy. Samples for
3P NMR contained 10% D,O and lipid concentrations of 10
mM. Generally, spectra were obtained by employing a Bruker
WP-200 Fourier-transform spectrometer, but the sample

I Abbreviations: MLVs, large multilamellar vesicles; LUVs, large
unilamellar vesicles; SUVs, small unilamellar vesicles; DMPC, di-
myristoylphosphatidylcholine; DMPG, dimyristoylphosphatidylglycerol;
DMPS, dimyristoylphosphatidylserine; DOPC, dioleoylphosphatidyl-
choline; DOPG, dioleoylphosphatidylglycerol; HEPES, N-(2-hydroxy-
ethyl)piperazine-N"-ethanesulfonic acid.

VOL. 27, NO. 24, 1988 8725

14r. \
t ]
i
1
2t
t \a
4 \
H %
[ Il
,-E 1'0‘; \\\
S ¢ A,
PO .
pd
8| A \‘\
g i IS
8 i Tl
e i Tas
3 ~~._ &
g 8t T
L
[ 'b\A
] i \A
F 4 ~a
~a
i T—e
.'. —t
W 7
2F &
O~ ~--.&. o LB e e e
1 2 3 4 s
Time (hrs)

FIGURE 1: Vesiculation of DMPC/DMPG (7:3) MLVs as a function
of ionic strength. DMPC/DMPG (10 mM) was hydrated at 4 °C
in the media shown below and incubated at 24 °C. Samples were
in H,0 (0), 2 mM HEPES, pH 7.6 (H), 10 mM NaCi/2 mM
HEPES, pH 7.6 (&), or 25 mM NaCl/2 mM HEPES, pH 7.6 (4).

DMPC/DMPS (7:3) was examined with a Varian XL.300
instrument. Accumulated free induction decays were obtained
for up to 5000 transients using an interpulse time of 1 s, a 16-us
90° pulse, and a sweep width of up to 50 kHz. Spectra were
generally recorded at 30 °C in the presence of broad-band
proton decoupling.

Freeze—Fracture Electron Microscopy. Samples contained
25% glycerol as a cryoprotectant and were quenched from 30
°C in liquid Freon and then fractured and replicated at —110
°C and <107 torr employing a Balzers BAF 400 freeze-
fracture unit. Replicas were cleaned in chromic acid and
visualized in a Jeol JEM-1200 EX microscope.

Differential Scanning Calorimetry. Samples were sealed
in 75-uL stainless-steel pans and inserted into a Perkin-Elmer
DSC 2C calorimeter at 0 °C. Heating rates of 2 °C min™!
were used, and thermograms were recorded at least twice. In
the case of DMPC/DOPG, DOPC/DMPG, and DOPC/
DMPC/DOPG/DMPG mixtures, the lipids were hydrated in
2 mM HEPES, pH 7.6, containing 28 wt % ethylene glycol
and then scanned from —10 to 35 °C. These samples were then
cooled at 5 °C min™ back down to -10 °C and rescanned. In
addition, the referenced pan contained an approximately equal
weight of Sephadex G-50 swollen in 28 wt % ethylene glycol.

RESULTS

When DMPC/DMPG (7:3) is hydrated at 4 °C, it forms
MLVs irrespective of the ionic strength of the hydrating
medium. If this mixture is then incubated at 24 °C, however,
while the MLVs dispersed in 150 mM NaCl/10 mM HEPES,
pH 7.6, are stable, those formed in H,O spontaneously vesi-
culate. This phenomenon is illustrated in Figure 1 where the
mean vesicle diameter as a function of incubation time is shown
for lipid dispersed at various ionic strengths. In the presence
of H,O alone or 2 mM HEPES, pH 7.4, rapid vesiculation
occurs with mean vesicle diameters of approximately 200 nm
observed after 15 min at 24 °C. With further incubation,
vesicle size continues to decline although much less rapidly
with a mean diameter of about 120 nm observed after 24 h.
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If the ionic strength of the hydrating medium is increased,
however, the rate of MLV breakdown is markedly reduced
(Figure 1) with no vesiculation occurring in 150 mM NaCL
Following incubation at 24 °C for 24 h, samples were exam-
ined for lipid degradation products by thin-layer chromatog-
raphy. In all cases, lysophosphilipid production amounted to
less than 1%.

To confirm the light-scatiering data, lipid samples were also
examined by freeze—fracture electron microscopy and *'P
NMR. In Figure 2 are shown electron micrographs of
DMPC/DMPG mixtures incubated for 24 h in 150 mM
NaCl/10 mM HEPES, pH 7.6, or in 2 mM HEPES, pH 7.6.
In high salt, large structures (=1 pm) are seen, and occasional
cross-fractures reveal the characteristic “onion rings” of
multilamellar vesicles. In contrast, the lipid mixtures incubated
in low-salt medium show numerous vesicles ranging in size
between 35 and 400 nm with a mean of about 120 nm. In this
sample, only rarely do cross-fractures show the presence of
internal lamellae.

The 3'P NMR spectrum of DMPC/DMPG hydrated on ice
in 2 mM HEPES, pH 7.6, shows a characteristic bilayer line
shape with a low-field shoulder and two high-field peaks arising

= k. L
Lipid (10 mM) was incubated at 24 °C for 24 h in 150 mM NaCl/10

mM HEPES, pH 7.6 (A and B), or in 2 mM HEPES, pH 7.6 (C and D). The bar represents 200 nm, and the direction of shadowing is indicated
by the arrow in each micrograph.

¥

from the phosphatidylcholine and phosphatidylglycerol
headgroups (Figure 3A). The width of the spectrum and the
absence of an isotropic signal indicate that all of the vesicles
must be at least 400 nm in diameter (Burnell et al., 1980).
Following incubation of the mixture at 24 °C for | h, however,
the width of the spectrum is substantially reduced with the
peak now centered at the resonance position characteristic of
isatropic lipid motion (Figure 3B). Such a signal would be
expected for vesicles smaller than 400 nm and arises due to
the rapid lateral mobility of the phospholipids and vesicle
tumbling effects (Burnell et al., 1980). After 12-h incubation
at 24 °C, a further reduction in the spectral width is observed,
and separate resonances for the two lipid species can now be
resalved (Figure 3C). The P NMR data, therefore, are
consistent with both light scattering and freeze-fracture
¢lectron microscopy and confirm that DMPC/DMPG (7:3)
while initially hydrating to form MLVs spontaneously vesi-
culates upon incubation at 24 °C. The *'P NMR spectrum
of the same lipid mixture incubated for 12 h under the same
conditions in 150 mM NaCl/10 mM HEPES, pH 7.6, shows
no isotropic component (Figure 3D), confirming that vesicu-
lation does nol occur in high ionic strength media.
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FIGURE 3: *'P NMR of DMPC/DMPG (7:3). Lipid (10 mM) was
hydrated in H,O at 4 °C, and its spectrum was then recorded at 30
°C (A). The same lipid mixture was then incubated at 24 °C for
1 h (B) and 12 h (C). DMPC/DMPG (7:3) hydrated in 150 mM
NaCl/10 mM HEPES, pH 7.6, and incubated at 24 °C for 12 h is
shown in (D).

At 23 °C, DMPC/DMPG (7:3) undergoes a transition from
the gel to liquid-crystalline state. To determine what influence
the lipid phase may have on MLYV stability, therefore, samples
were incubated below (15 °C), above (32 °C), and within (24
°C) the transition temperature (7) region. For the sample
maintained above T, the dry lipid was incubated for 1 h in
a water-saturated atmosphere at 32 °C before the addition
of excess 2 mM HEPES, pH 7.6, preincubated at the same
temperature. This protocol was adopted because anhydrous
DMPC is in the gel state at 32 °C (Chapman et al., 1967)
and we wanted to ensure that the fully hydrated lipid did not
pass through the phase transition. Remarkably, DMPC/
DMPG MLVs hydrated well above or well below the gel to
liquid-crystalline transition temperature show little reduction
in mean vesicle diameter over a 6-h incubation while the same
mixture held at 24 °C undergoes rapid vesiculation (Figure
4). In addition, MLVs incubated at 15 or 32 °C vesiculate
to form LUVs when brought to 24 °C. These results suggest
that vesiculation occurs much more rapidly when domains of
both gel and liquid-crystalline lipid coexist. This would further
imply that MLVs composed of unsaturated lipids such as
dioleoylphosphatidylcholine (DOPC) and dioleoyl-
phosphatidylglycerol (DOPG) which have a transition tem-
perature of approximately —20 °C (Ladbrooke & Chapman,
1969; Findlay & Barton, 1978) would be more stable at 24
°C than the myristoyl species. Such proves to be the case as
shown by the *'P NMR spectrum of DOPC/DOPG (7:3)
incubated at 24 °C for 24 h in 2 mM HEPES, pH 7.6 (results
not shown). While a small isotropic peak indicates that some
vesiculation has occurred, the majority of the lipid still gives
rise to a typical bilayer spectrum. The same lipid mixture
incubated in high-salt media shows no isotropic component.
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FIGURE 4: Influence of incubation temperature on the size of
DMPC/DMPG (7:3) MLVs. Lipid (10 mM) was hydrated in 2 mM
HEPES, pH 7.6, and incubated at 15 (4), 24 (O), or 32 °C (a). For
further details, see Results.

The question then arises as to whether phase domains which
also cause segregation of the phosphatidylcholine and phos-
phatidylglycerol lead to a destabilization of MLV structure.
To address this point, mixtures of DMPC/DOPG (7:3),
DOPC/DMPG (7:3), and DOPC/DMPC/DOPG/DMPG
(7:7:3:3) were prepared. Phosphatidylcholines and phospha-
tidylglycerols with the same fatty acyl composition show high
miscibility (van Dijck et al., 1975; Findlay & Barton, 1978)
as do mixtures of these lipids of differing acyl chain length
or unsaturation when both are in the liquid-crystalline phase.
Mixtures of dimyristoyl- and dioleoylphosphatidylcholine,
however, show monotectic behavior where the higher melting
component segregates into gel-state domains upon cooling
below 24 °C. Consequently, on heating, two endotherms are
recorded by differential scanning calorimetry corresponding
to the two species of phosphatidylcholine (Ladbrooke &
Chapman, 1969). Similar behavior is shown by mixtures of
phosphatidylcholine and phosphatidylglycerol. A broad en-
dotherm between -5 and 15 °C is seen for a DMPC/DOPG
(7:3) mixture (Figure 5A) which is comparable to the higher
melting component observed by Ladbrooke and Chapman
(1969). In contrast, the DOPC/DMPG mixture shows only
a very small endotherm in the same temperature region (Figure
5B). When both gel and liquid-crystalline domains contain
both headgroups as in the case of the DOPC/DMPC/
DOPG/DMPG mixture, a very broad endotherm extending
from -5 to 25 °C is observed (Figure SC). These three lipid
mixtures were incubated at either 24 or 10 °C for 16 hiin 2
mM HEPES, pH 7.6, or 150 mM NaCl/20 mM HEPES, pH
7.6, and then examined by ¥'P NMR. As would be predicted
from the data in Figure 1 for DMPC/DMPQG, in high-salt
medium all three mixtures show only a typical bilayer spectrum
with no evidence of MLV breakdown (results not shown).
When the samples are incubated at 10 °C, domains of both
gel and liquid-crystalline lipid coexist; nevertheless, both at
this temperature and at 24 °C, very little vesiculation is ap-
parent as judged by the absence of any appreciable isotropic
component in the *'P NMR spectra of these mixtures (results
not shown). This result would indicate that even when phase
domains are present, with or without segregation of the neg-
atively charged phospholipid, the presence of the dioleoyl
species stabilizes MLV structure.
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FIGURE 5: Differential scanning calorimetric analysis of phospha-
tidylcholine mixtures with phosphatidylgylcerol or phosphatidylserine.
Heating thermograms are shown for DMPC/DOPG (7:3) (A),
DOPC/DMPG (7:3) (B), DOPC/DMPC/DOPG/DMPG (7:7:3:3)
(C), and DMPC/DMPS (7:3) (D). Analyses were performed as
described under Materials and Methods.

To further characterize the influence of fatty acyl compo-
sition on the properties of phosphatidylcholine/phosphati-
dylglycerol mixtures, we examined the permeability of LUVs
prepared from DMPC/DMPG (7:3), DOPC/DMPG (7:3),
and DOPC/DMPC/DOPG/DMPG (7:7:3:3) to Mn?*. This
broadening agent effectively eliminates the 3P NMR signal
from phospholipid to which it has access. In the case of LUVs,
this corresponds to the outer monolayer, and upon addition
of Mn?*, therefore, the 3'P NMR signal is reduced by about
50%. If vesicles are permeable to Mn?*, however, a further
reduction in signal is observed as the phospholipids of the inner
monolayer are titrated. The 3P NMR spectra of LUVs
prepared by using the extrusion technique (see Materials and
Methods) before and after addition of the broadening agent
are presented in Figure 6. Clearly, even at 30 °C, well above
the T, of the lipid, vesicles composed of DMPC/DMPG are
highly permeable, and virtually all of the phospholipids are

MADDEN ET AL.

accessible to Mn?* (Figure 6A). Surprisingly, this high
permeability is also observed for vesicles prepared in 150 mM
NaCl (results not shown). It should be noted that these ex-
periments were performed under conditions where MLVs
composed of DMPC/DMPG are relatively stable (cf. Figure
4). Similar results to those shown for LUVs above were
obtained when DMPC/DMPG MLVs were used. When
Mn?* is added to DOPC/DMPG or DOPC/DMPC/
DOPG/DMPG LUYVs, there is an intial reudction in signal
intensity by 50-60% but little further change with time (Figure
6B,C), indicating that the vesicles are relatively impermeable
to the cation. This would be consistent with the greater sta-
bility of MLVs composed of these mixtures.

The influence of salt concentration on the stability of
DMPC/DMPG MLVs is consistent with charge repulsion
between the acidic phosphatidylglycerol headgroups being a
major factor causing vesiculation. To investigate this further,
various ratios of DMPC and DMPG were hydrated in 10 mM
NaCl/2 mM HEPES, pH 7.6, and incubated at 24 °C. A
low concentration of NaCl was included in the medium to
reduce the rate of vesiculation and allow comparisons to be
made between the different mixtures. As expected, DMPC
alone forms stable ML Vs while increasing the ratio of DMPG
to DMPC increases the rate of spontaneous vesiculation
(Figure 7). To determine whether the nature of the negatively
charged headgroup influences stability or whether charge
repulsion alone is important, a mixture of DMPC and di-
myristoylphosphatidylserine (DMPS) (molar ratio 7:3) was
prepared. DMPS undergoes a gel to liquid-crystalline phase
transition at about 38 °C while the 7:3 mixture shows a broad
transition between 24.5 and 34 °C (Figure 5D). An equimolar
mixture of these lipids shows two overlapping endotherms by
DSC (result not shown), in agreement with a previous report
(van Dijck et al., 1978) which has been interpreted as indi-
cating gel phase immiscibility. Following hydration in 2 mM
HEPES, pH 7.6, samples were incubated at 24, 33, or 40 °C
for up to 12 h with no significant reduction in mean vesicle
diameter (results not shown). The 3P NMR spectra of
DMPC/DMPS (7:3) after incubation at 30 °C for 12 h show
no appreciable isotropic signal, confirming that all of the lipid
is present in structures of diameter greater than 400 nm.
When the permeability of DMPC/DMPS LUVs to Mn?* is
examined, however, we observed that, as for DMPC/DMPG,
addition of the broadening reagent results in complete elim-
ination of the *'P NMR signal (Figure 6D), indicating ready
access of the Mn?* to the interior of the vesicles. Clearly,

A DMPC:OMPG B DOPC: DMPG DMPC:DOPC: DMPG:DOPG D  pumpc:omps
-Mn?* -Mn?* -m* -Mn?*
’ 2 J
+Mn?* 10Omin + Mr2* 20min +Mn2* 20min M2 10min
e N A AR e

+Mn?* 20min

+Mn?* 90min M
P~ _y'

—
SKHz [s] -5KHz

+Mn?* 90min

:

SKHz 3 T -5KHz

FIGURE 6: Influence of Mn?* on the 3'P NMR spectrum of phosphatidylcholine with either phosphatidylglycerol or phosphatidylserine. LUVs
of the mixtures shown were prepared at a lipid concentration of 10 mM as described under Materials and Methods. Spectra were obtained
before and after the addition of 100 uM Mn?* at the time intervals shown.
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FIGURE 7: Influence of DMPC/DMPG molar ratio on the rate of
MLV vesiculation. Lipid (10 mM) was hydrated at 4 °C in 10 mM
NaCl/2 mM HEPES, pH 7.6, and then incubated at 24 °C. Samples
consisted of DMPG (0), DMPC/DMPG (3:7) (0), DMPC/DMPG
(1:1) (a), and DMPC/DMPG (7:3) (A).

therefore, the nature of the acidic headgroup is important in
determining MLYV stability, and this point will be further
addressed under Discussion.

DiscussioN

A striking feature of spontaneous vesiculation by
DMPC/DMPG mixtures is that the process occurs rapidly
only at the lipid phase transition temperature. It has previously
been shown that the cation permeability of liposomes is also
markedly enhanced in this temperature region (Haest et al.,
1972; Papahadjopoulos et al., 1973) as is their susceptibility
to hydrolysis by phospholipase A, (Op den Kamp et al., 1974,
1975). McConnell and co-workers have proposed that these
and similar observations can be accounted for by increased
lateral compressibility when domains of both gel and liquid-
crystalline lipid coexist, allowing penetration of the bilayer with
virtually no change in surface pressure (Linden et al., 1973).
How such an increased compressibility would promote vesi-
culation, however, is unknown. Clearly, the mere presence
of phase domains is insufficient to produce MLV breakdown
whether or not phase separation also results in segregation of
the phosphatidylcholine and phosphatidylglycerol. When
mixtures of the dimyristoyl and dioleoy! species of these lipids
are prepared, the higher melting component phase separates
below its T, but irrespective of whether this constitutes the
phosphatidylcholine or phosphatidylglycerol, little or no ves-
iculation is observed. Even when the gel and liquid-crystalline
domains contain both phospholipid species, e.g.,, DMPC/
DOPC/DMPG /DOPG (7:7:3:3), only very limited breakdown
of MLYV structure is apparent. Clearly, in these systems, the
presence of dioleoylphospholipids stabilizes MLV structure.

The concept of charge repulsion between acidic phospha-
tidylglycerol headgroups providing the driving force for ves-
iculation is supported by two observations. First, DMPC alone
forms stable MLVs while as the ratio of DMPG to DMPC
is increased the rate of vesiculation also increases. Second,
MLY stability is highly dependent upon ionic strength; as the
salt concentration of the hydrating medium is increased, the
rate of MLV breakdown is considerably reduced. The nature
of the acidic headgroup, however, is also important. While
both DMPC/DMPG and DMPC/DMPS vesicles are highly
permeable to Mn?*, only the phosphatidylglycerol-containing
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systems exhibit vesiculation. This difference may in part be
due to the miscibility properties of these two lipids. Mixtures
of DMPC/DMPG are ideally mixed both in the gel and in
the liquid-crystalline state while calorimetric analysis of
DMPC/DMPS mixtures shows separate endotherms for the
two lipids in samples containing 66—80 mol % DMPS (van
Dijck et al,, 1978) and relatively broad single endotherms at
lower phosphatidylserine ratios which was interpreted as in-
dicating gel phase immiscibility.

The reasons why charge repulsion should tend to destabilize
MLY structure resulting in vesiculation are not clear. One
possibility is that smaller vesicles with consequently smaller
radii of curvature are more stable. This could arise due to an
asymmetric distribution of lipids with phosphatidylcholine
preferentially located on the inner monolayer and phospha-
tidylglycerol in the outer monolayer. The larger headgroup
spacing for the negatively charged phosphatidylglycerol would
clearly correspond to a lower energy situation. While such
an asymmetric distribution of these two lipids in SUVs has
previously been reported (Michaelson et al., 1973; Lentz et
al., 1980), other workers have presented contradictory findings
(Barsukov et al., 1980; Nordlund et al., 1981). This expla-
nation is underminded, however, by two experimental obser-
vations. First, the mean size of the vesicle population produced
by vesiculation is greater than 100 nm, implying that only a
small increase in curvature is experienced by the majority of
vesicles. Prolonged incubation does not significantly reduce
this mean size, but this may reflect mechanistic difficulties
for vesiculation rather than the absence of a thermodynamic
advantage for smaller systems. The second, perhaps more
significant, observation is that DMPG alone rapidly vesiculates.
Clearly, the generation of asymmetry cannot be the driving
force in this system.

It has previously been shown that the interlamellar spacing
in MLVs containing charged phospholipids is significantly
greater than for zwitterionic species (Gulik-Krzywicki et al.,
1969) due to interbilayer charge repulsion. This interaction
is clearly a logical candidate for the driving force behind
vesiculation as by generating unilamellar vesicles such repulsion
is reduced.

Registry No. DMPC, 13699-48-4; DMPG, 61361-72-6; DOPC,
10015-85-7; DOPG, 62700-69-0.
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ABSTRACT: Molecular characterization of toxic shock syndrome toxin 1 has been carried out and compared
with a group of functionally related staphylococcal enterotoxins. The secondary structure analysis of the
far-UV circular dichroic spectrum of toxic shock syndrome toxin 1 revealed 6.25% a-helix, 51.25% G-pleated
sheets, 9.0% p-turns, and 33.5% random coils. The pattern, in general, was similar to the staphylococcal
enterotoxins. Four antigenic sites have been predicted for toxic shock syndrome toxin 1 by using the secondary
structure information in combination with the hydrophilicity calculation. The location of the antigenic sites,
in general, agrees with the experimental results. Topographical analysis of the tyrosine residues as determined
by second-derivative UV spectroscopy [Ragone, R., Colonna, G., Balestrieri, C., Servillo, L., & Irace, G.
(1984) Biochemistry 23, 1871-1875] showed that six of nine tyrosine residues are exposed to aqueous solvent.
Tryptophan fluorescence quenching studies with an anionic surface quencher, I”, and a neutral quencher,
acrylamide, revealed that almost all of the tryptophan residues are buried in the protein matrix as their
accessibility to the surface quencher is very low (17%). Since there are only three tryptophan residues in
the amino acid sequence of the toxic shock syndrome toxin 1 and there is a tyrosine residue (Tyr-15, Tyr-115,
and Tyr-153) next to each of the tryptophan residues (Trp-14, Trp-116, and Trp-154), it appears the tyrosine
residues not exposed to the aqueous solvent are those next to the tryptophan residues. Functional implications
of the topography of the tryptophan and tyrosine residues are assessed.

T)xic shock syndrome toxin 1 (TSST-1) is recognized as the
major toxin responsible for the signs and symptoms of toxic
shock syndrome (TSS) (Bergdoll et al., 1981; Schlievert et al.,
1981; de Azavedo & Arbuthnott, 1984; Rasheed et al., 1985).
TSS elicits symptoms such as high fever, low blood pressure,
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rash, hypotension, dizziness, desquamation of the palms of the
hands and soles of the feet, and involvement of other organ
systems (Todd et al., 1978; Davis et al., 1980; Shands et al.,
1980).

TSST-1 is a small molecular weight protein (22K) that has
been purified and biochemically characterized (Reiser et al.,
1983; Blomster-Hautamaa et al., 1986b). The amino acid
sequence shows no significant homology with the staphylo-
coccal enterotoxins, a family of functionally related toxins
(Blomster-Hautamaa et al., 1986b; Betley & Mekalanos,
1988), nor does it show any serological cross-reactivity with
the enterotoxins. These observations were unexpected in view
of the similarity of many of the signs and symptoms produced
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