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‘The effects of molar NaCl concentrations on the phase behaviour of the total lipid extracts and binary mixtures of the
major phospholipids, namely phosphatidylethanolamine {PE) and phosphatidylglycerol (PG), isolated from the mod-
erately halophilic eubacterium, Vibrio costicola, grown in 1 M and 3 M NaCl containing media have been studied using
X-ray diffraction and freeze-fracture electron microscopy. The effect of both the PE /PG ratio and alterations in fatty
acid composition were examined by using binary mixtures which mimicked the PE /PG ratio found in the native
hacterial membranes. We show that the samples exhibited complex phase behaviour, including the formation of
non-bilayer phases, which depend upon the salinity of both the bacteria! culture medium and the suspending solution.
The total lipid from bacteria cultured in 1 M NaCl-containing medium and dispersed in 1 M NaCl exhibited a mixture
of L, and hexagonal-H phises at the optimum growth temperature of the organism (i.e., 30°C), whereas the same lipid
dispersed in 3 M NaCl showed only a hexagonal-II phase down tc a temperature of +3°C. The total lipid extracted
from 3 M NaCl cultures showed only lamellar phases over the iemperature range studied (+50°C to —50°C}, but the
phase transition temperatures of the various lamellar phases were generally higher when the lipid was dispersed in 3 M
compared with 1 M NaCl. The phase behaviour of the binary mixtures was similar but not identical to that of the
corresponding total lipid extracts and it is suggested that the minor lipid components (diphosphatidyiglycerol,
lysophosphatidylethanolamine and lysophosphatidylglycerol) play a part in determining the phase behaviour of the native
membranes. These results show that the PE /PG ratio and fatty acid composition of the individual phospholipids, which
are normally regulated by FVibrie cesticola in vive in respouse to culture medium salinity, are both imperiant in
maintaining a stable bilayer structure within the membrane.

Introduction

Biological membranes contain a mixture of lipids
which, in isolation and under physiological conditions,
can be grouped into those which form bilayers and
those which aggregate into non-bilayer structures such
as hexagonal-II and cubic phases. The group which
typically forms bilayers includes molecular species of
phosphatidylcholines, phosphatidylglycerois [1] and di-
glycosyldiacylglycerols [2]. Lipids forming non-bilayer
structures include the phosphatidylethanolamines [3],
monoglycosyldiacylglycerois [2] and plasmenylethanol-
amines [4]. The phase behaviour of all these lipids is
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affected not only by the polar head-group and fatty acid
substituents, which define the lipid class and molecular
species respectively, but also by the presence of solutes
in the dispersing solution [5]. In order to form a func-
tional biological membrane the mixture of lipids must
be balanced precisely to include appropriate propor-
tions of lipids from the two groups [5,6]; in addition,
specific interactions between proteins and the different
groups of lipids must be considered.

The stability of the bilayer is of crucial importance
for cell viability, although the formation of transient
non-bilayer mesophase structures or perturbed arrange-
ments in the vacinity of integral membrane proteins
cannot be excluded. It has been suggested that the
reason why non-bilayer-forming glycolipids and phos-
pholipids comprise a significant proportion of the total
membrane lipid in many biological membranes is be-
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cause local regions forming non-bilayer structures are
necessary for processes such as membrane fusion [7,8]
and in the transmembrane movement of macromoic-
cules {9]. However, the precise functional role of non-
bilayer structures in biological membranes remains un-
known.

Despite the importance of non-bilayer-forming lipids
for membrane structure and stability the phase be-
haviour of lipids from relatively few organisms has been
siudied. The adaptation of cells to changes in the fatty
acyl-chain composition is the best documented response
which causes a modification to the ratio of non-bilayer-
to bilayer-forming membrane lipids, and has been
studied in Acholeplasma laidlawii (sec Ref. 10 for a
review) and Clostridium butyricum [4]. As the degree of
unsaturation of the hydrocarbon chains is increased, A.
laidlawii decreases the ratio of monoglucosyldiacyl-
glycerol to diglucosyldiacylglycerol [2]. Unsaturated
species of monoglucosyldiacylglycero!l form ron-bilayer
structures at physiological temperatures but are stabi-
lised in a bilayer phase by the addition of unsaturated
species of diglucosyldiacylglycerol {11]. Similarly, in C.
butyricum the ratio of non-bilayer- to bilayer-forming
lipids was decreased when the membrane lipids were
highly enriched with cis-unsaturated fatty acids and it
was shown that this change in relative proportions was
necessary 1o produce a lamellar arrangement of lipid
mixtures [4].

Halotolerant and halophilic bacteria offer a good
opportunity to study the function of non-bilayer-
forming lipids in native membranes, since these
organisms modify the ratio of non-bilayer- to bilayer-
forming lipids in their membranes in response to alter-
ations in NaCl concentration of the culture medium.
For example, the moderately-halophilic eubacterium
Vibrio costicola, in common with many other Gram-
negative halophilic and halotolerant eubacteria [12}, in-
creases the ratio of phosphatidylglycerol to phospha-
tidylethanolamine from less than 0.5:1 in 1 M NaCl- to
over 1:1in 3 M NaCl-containing media [13] and there
are also concomitant changes in fatty acid composition
[14). Tt has been suggested that such increases in the
proportion of anionic lipids (usually phosphatidyl-
glycerol) in moderate halophiles in response to raised
salinity counter the high Na* concentration at the
membrane surface [15]. However, the actual increase in
amount of anionic lipids could only account for nega-
tive-charge shielding by cations of the order of mili-
molar, and not molar, salt concentrations [16] and this
theory does not account for the equimolar concentra-
tion of Cl~. Similar changes in anionic lipid composi-
tion have also been demonstrated in response to non-
ionic solutes in V. costicola [17] and a range of halo-
tolerant food-spoilage bacteria [18]. Therefore, the lipid
changes are not related specifically to NaCl or ionic
effects but are probably linked to water activity. An

alternative hypothesis is that the modification to the
membrane phospholipid ratio is necessary in order to
preserve the integrity of the membrane bilayer in the
face of an increased tendency of phosphatidylethanol-
amine to form non-bilayer phases as a consequence of
raised external salinity [12].

Phosphatidylethanolamine and phosphatidylglycerol
together comprise more than 80% of the total mem-
brane lipid of V. costicola. We have demonstrated previ-
ously that the phase behaviour of the purified phospha-
tidylethanolamine and ~kasphati3y 15 erol depends on
not only the salinity of the solution used to resuspend
the lipids [19] but also that of the bacterial culture
medium as well which influences the fatty acyl composi-
tion of the phospholipids [14]. The major fatty acids of
both phosphatidylethanolamine and phosphatidyl-
glycerol from V. costicola grown in 1 M or 3 M NaCl-
containing medium are 16:1¢9, 16:0 and 18:1¢11 [14].
The phospholipids have a predominantly sn-1 saturated,
sn-2 unsaturated fatty acyl chain configuration which is
affected little by the salinity of the growth medium. The
fatty acyl residues of phosphatidylethanolamines and
phosphatidylglycerols from V. costicola respond inde-
pendently 10 changes in the salinity of the growth
medium. In comparison with phosphatidylethanol-
amine, there are larger salinity-dependent changes in
the fatty acid composition of phosphatidylglycerol. The
phosphatidylglycerol isolated from 1 M NaCl cultures
has a larger C18/C16 ratio and is more saturated than
the phosphatidylglycerol from 3 M NaCl cultures; an
increase in 16:1¢9, from 30.7 mol% in 1 M NaCl
cultures to 38.5 mol% in 3 M NaCl cultures, is associ-
ated with a corresponding decrease in 18: 1¢11 content.
The minor (i.e., < 3.0 mol%) components 16:1c11 and
18:1c13 are present only in phospholipid extracted
from 3 M NaCl cultures. The fatty acids of phospha-
tidylethanolamine from cultures grown in 1 M and 3 M
NaCl have the same average chain length and unsatura-
tion index. The main difference in the fatty acid com-
position of the phosphatidylethanolamines is a decrease
in 18:1c11 from 19.2 mol% in 1 M NaCl cultures to
14.9 mol% in 3 M NaCl cultures {14].

The two phospholipids exhibited complex phase be-
haviour which was dependent on the salinity of both the
bacterial culture medium and the phospholipid resus-
pending solution [19}. The phosphatidylethanolamine
from cultures grown in 1 M or 3 M NaCl-containing
media displayed a hexagonal-I! phase which was present
at the growth temperature of the organism (i.e., 30"C)
and this phase persisted at temperatures up to 20 C°
lower when the lipid was dispersed in 3 M compared
with 1 M NaCl. The L, phase of phosphatidylethanol-
amine isolated from 1 M NaCl-grown cultures was
favoured less when the lipid was resuspended in 3 M
compared with 1 M NaCl. The L; — L, phase transi-
tion temperature of the phosphatidylethanolamines



coincided with ice formation. In contrast, the phospha-
tidylglycerol samples exhibited only lamellar phases over
the temperature range +50°C to —50°C. An increase
in salinity of the resuspending solution increased the
L,<L; and Ly« L phase transition temperatures,
indicating that the L, and L, phases were both stabi-
lised by the higher NaCl concentration. The L, & Ly
and L « L, phase transition temperatures of phospha-
tidylglycerol isolated from 3 M NaCl cultures were
higher than those from 1 M NaCl cultures. Formation
of separate large domains of hexagonal-11 phase lipids
in the bacterial membrane would impair the cellular
permeability barrier. This in turn woulc disrupt the
ionic gradients which the cell requires for survival, as
well as allowing the influx of the Na* and C1~ present
in the high salinity media, both of which would result in
cell death. This hypothesis also explains why ionic and
non-ionic solutes have similar effects, as long as they
induce the formation of non-bilayer phases, possibly
through dehydration of the phosphatidylethanolamine
headgroups.

In the present study we have examized the effect of
salinity upon the phase behaviour of total-lipid extracts
and binary mixtures of phosphatidylethanclamine and
phosphatidyiglycerol, isolated from V. costicola grown
in 1 M and 3 M NaCl-containing media, by dynamic
X-ray diffraction and freeze-fracture electron mi-
croscopy. Binary mixtures were chosen to mimic the
ratios of PE/PG found in the native bacterial mem-
brane using phospholipids extracted from cultures grown
at low or high salinity so that the effect of both the
PE /PG ratio and alterations in fatty acid composition
could be examined.

Materials and Methods

Vibrio costicola (NRC 37001) was grown aerobically
at 30°C in a complex liquid medium containing 0.3%
(w/v) Proteose Peptone (Difco), 0.3% (w/v) Bacto
Tryptone (Difco) and the appropriate concentration of
NaCl (AnalaR grade) as 10 litre cultures in a Microferm
fermentor (New Brunswick). Bacteria were harvested in
the late-exponential growth phase using a Sharples cou-
tinuous-flow centrifuge operated at 25000 rpm.

Total lipid was extracted using the method of Bligh
and Dyer as described by Kates [20]. Non-lipid con-
taminants were removed from the total-lipid extract by
liquid/ liquid partition chromatography using Sephadex
G-25 (fine grade, Pharmacia) as described by Wells and
Dittmer [21}. The purified total-lipid extract was frac-
tionated into its component phospholipids by
carboxymethyl cellulose chromatography (CM 52
sodium form, Whatman) [22]. Phospholipid samples
were shown to be more than 98% pure on the basis of
two-dimensional thin-layer chromatographic sep-
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arations and quantilation by phosphorus and fatty acid
analyses [23].

Lipid samples were prepared from stock solutions in
chloroform; before use the solvent was removed using a
stream of dry nitrogen gas, the sample placed under
vacuum for 16 h and hydrated with 80 vol.% of the
appropriate NaCl solution (pH 7.0).

Samples for frecze-fracture were thermally quenched
from the desired temperature using a jet of liquid
nitrogen. A Polaron freeze-fracture machine was used to
fracture the specimens at —115°C, and platinum-
carbon replicas of the fracture surface were prepared.
The replicas were cleaned using a solvent consisting of
CHCl,/MeOH (1:1, v/v) before examination using a
Philips EM301 transmission electron microscope oper-
ated at 100 kV.

X-ray diffraction studies were perfcrmed using a
monochromatic focused X-ray beam at station 8.2 of
the Daresbury Synchrotron Laboratories (Daresbury,
C.X.). A cylindrically bent single crystal of germanium
[?4} and a long float-glass mirror were used to select
monochromatic X-rays and to focus the beam horizon-
tally to provide a beam size of 0.3 X 3.0 mm with about
10 phoiuns-s~! at 2.0 GeV and 200 mA of electron
beam current with the Wiggler operating at 5.0 tesla. A
flat-plate camera was used with a linear-wire detector
constructed at Daresbury. The detector contained 512
channels each of 0.193 mm. The detector response was
determined by recording the signal from a fixed source
accumulated over 1 h. X-ray scattering datz were
acquired in 255 consecutive time frames with an
acquisition time for each frame of 4 s and a dead time
between frames of 50 us. Daia were stored on a VAX
11,/785 computer and the experimental data sets were
corrected for detector response using the OTOKO pro-
gram at the Daresbury Laboratories. Calibration of the
spacings was obtained using Teflon [25] and dipalmi-
toylphosphatidylcholine in the Lp phase [26] as stan-
dards. The configuration of the camera and detector
was such that diffraction spacings smaller than 0.35 nm
were not detected. The resolution of the camera/
detector configuration was 0.15 nm for a diffraction
spacing of 5.0 rm and 0.01 nm for a diffraction spacing
of 0.36 nm. Samples were mounted between thin mica
sheets set 1 mm apart and placed in a vertically-mounted
THM600 cryostage (Linkam Scientific Instruments,
Tadworth, U.K.) abutting to an electrically-heated silver
block. A flow of nitrogen gas at —150°C was passed
internally through the sample holder. A TMSS0 conirol
system fitted with a remote control unit (Linkam) pro-
vided the appropriate amount of power to the heating
block to maintain the sample at the desired tempera-
ture. Temperature scans were performed by program-
ming the control system to maintain the desired rate of
heating or cooling between preset temperature limits. A
scan rate of 10 C°-min~' was chosen tc limit the
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exposure of the sample to the X-ray beam so as to avoid
radiation damage and to be consistent with previous
studies [19). Two thermocouples placed adjacent io the
sample in the sample holder were used to monitor the
temperature internally. The anaiogue signals from these
were recorded digitally, together with the data file, on
the VAX 11,/785 computer. Samples recovered from the
apparatus were subjected to thin-layer chromatography
and showed no signs of degradation.

Results

Assignment of mesophases

The effect of salinity on the phase behaviour of total
membrane lipids and binary mixtures of purified phos-
phatidylethanolamine and phosphatidylglycerol ex-
tracted from Vibrio costicola grown in 1 M and 3 M
NaCl-containing media has been examined using
freeze-fracture electron microscopy and dynamic X-ray
diffraction. Mesophases were assigned on the basis of
wide- and small-angle X-ray scattering profiles (Fig. 1)
[27,28] and complementary freeze-fracture electron mi-
croscopy (Fig. 2). The lamellar and hexagonal-I1 phases
were distinguished by their different small-angle diffrac-
tion profiles. Although small-angle Bragg diffraction
peaks in the ratio 1:1/v3 :1/V4 :1/y7 (Fig. 1d) can
describe cubic and hexagonal mesophases, freeze-frac-
ture electron micrographs of the phase showed struc-
tures consistent with a hexagonal rather than a cubic
arrangement (Fig. 2a). Since these studies were with
diacylphospholipids a hexagonal-1I phase, rather a
hexagonal-1 phase, was assigned. The iamellar phases
were subdivided according to their wide-angle scattering
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Fig. 1. The dependence of X-ray scattering intensity on the diffraction
spacings of total-lipid extracted from Vibrio costicola grown in 1 M
NaCl-containing medium and dispersed in 80% by vol. 1 M NaCl (pH
7.0). Phases were assigned as follows: (a) L. (—25°C), (b) Ly
(—10°C), (c) L, (+10°C) and (d) hexagonal-I1 (+30°C). In the low
angle region (diffraction spacing > 0.50 nm) the arrows (¥) indicate
the Bragg diffraction maxima taken with increasing orders of magni-
tude (not all the maxima are distinct in every phase). The wide-angle
diffaction m (¥) indicate the spacings of the acyl chains. Data
acquisition time for each frame was 4 s,

patterns which reflect the packing of the acyl chains. An
L. phase was assigned when there were two or three
diffraction peaks between 0.42 nm and 0.36 nm (Fig.

Fig. 2. Electron micrographs of freeze-fracture replicas prepared from total-lipid extracted from V. costicola grown in 1 M NaCl-containing medium
and dispersed in 80% by vol. 1 M NaCl (pH 7.0). Samples were thermally quenched from (a) +40°C or (b) —20°C. Bars represent 100 nm.



la), and this mesophase was confirmed by the close-
packed lamellar shcets obscrved in electron micrographs
of freeze-fracture replicas (Fig. 2b). In the L, phase a
single, sharp diffraction peak was produced by the
hexagonally-packed acyl chains (Fig. 1b) and the dis-
ordered nature of the acyl chains in the L, phase gave
rise to a diffuse scattering profile (Fig. 1c).

Phase behaviour of purified total-lipid extracts

The phase assignments and diffraction spacings for
the total membrane lipids extracted from V. costicola
grown in 1 M NaCl-containing medium (i.e., ‘1 M total
lipid’) dispersed in 1 M NaCl are shown in Fig. 3a.
When 1 M total lipid was cooled, a hexagonal-II phase
was observed between +50°C and +18°C; the hexago-
nal-II and L, phases coexisted between +30°C and
+18°C. On further cooling, the L phase converted to
the L phase at +3°C and a Lp— L, transition oc-
curred at —12°C. The lamellar repeat distances oi the
L, and L; phases were 5.6 nm and 6.4 nm respectively;
the lamellar repeat distance of the L. phase decreased
from 47 nm at —12°C t0o 41 nm at —50°C. On
reheating, no L5 phase was observed and instead the L,
phase converted directly to the L, phase at -2°C. The
phase transitions showed hysteresis, with the tempera-
tures which marked the end of the L, and L, phases
and the start of the hexagonai-II phase being higher on
heating than cooling by 10, 4 and 10 C°, respectively.

When the 1 M total lipid was dispersed in 3 M NaCl
and cooled, the hexagonal-II phase persisted down to
—5°C (Fig. 3b). The L, phase was observed between
+3°C and —13°C and it coexisted with the hexagonal-
II phase between +3°C and —5°C. The L, —~ L. tran-
sition occurred at ~13°C. The lamellar repeat distance
of the L_ phase decreased from 4.8 nm at —13°C o 4.1
nm at —50°C. When the total-lipid sample was subse-
quently reheated, the sequence of phases was reversed
but the phase transitions occurred at different tempera-
tures; the L_— L, transition occurred at —18°C, the
L; phase persisted to +5°C and the hexagonal-II
phase formed at —4°C.

When the total lipid extracted from 3 M NaCl grown
cultures (i.e., ‘3 M total lipid’) was dispersed in 1 M
NaCl and cooled, there was an L, — L4 transition at
+3°C (Fig. 3c). The abrupt increase in the first-order
diffraction spacing of the L, phase at +26°C is a
result of single-lamellar vesicles forming multi-layer
liposomes. The L, and L. phases coexisted between
—12°C, when the L_ phase formed, and —25°C, when
the Lg phase ended. The lamellar repeat distances of
the Lz and L phases were 5.6 nm and 6.4 nm, respec-
tively. Reheating the sample resulted in a reversal of the
phase sequence; the L_—L, transition occurred at
—7°C and the Ly — L, transition was present at +2°C.

When the 3 M toial lipid was dispersed in 3 M NaCl
and cooled, it formed an L, phase between +50°C and
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—5°C (Fig. 3d) with a lamellar repeat distance which
increased from 3.9 am at +50°C to 4.4 nm a1t —5°C.
The L, phase, which had a lamellar repeat distance of
4.8 nm, was present together with the L, phase between
+26°C and +10°C. An L, — L, transition occurred at
+10°C and the L_ phase. which had a lamellar repeat
distance of 5.2 nm, persisted to —50°C. The phase
transition temperatures showed little hysteresis on re-
heating. The L, ~ L, transition occurred at +10°C, the
L, phase persisted to +20°C and the L, phase was
present between +4°C and +50°C.

Phase benaviour of pnosphatidylethanolamine / phospha-
tidylglycerol binary mixtres

In order to examine the effects of the phosphatidy!-
ethanolamine/ phosphatidylgiycerol (i.e., PE/PG) ratio
on the phase behaviour of V. eosticola lipids, binary
mixtures of purified phosphatidylethanolamine and
phosphatidylglycerol isolated from cultues grown in 1
M or 3 M NaCl-containing media (i.e, 1 M PE/PG and
3 M PE /PG, respectively) were prepared with a PE/PG
ratio of 2:1 (i.e., equivalent to the ratio present in the
membranes of V. costicola grown in 1 M NaCl-contain-
ing media) or 1:1 (i.e., equivalent to the ratio in 3 M
NaCl cultures).

The phase assignments and diffraction spacings for
binary mixtures of purified phosphatidylethanolamine
and phosphatidylglycerol isolated from V. costicola
grown in 1 M NaCl-containing media (i.e., 1 M PE/PG)
prepared with a PE/PG ratio of 2:1 (i.e., 1 M PE/PG
(2:1)) dispersed in 1 M NaCl and 3 M NaCl, and 1 M
PE /PG prepared in with PE/PG ratioof 1:1 (ie., 1 M
PE/PG (1: 1)) dispersed in 3 M NaCl are shown in Fig.
4a, b and c, respeciively. When 1 M PE/PG (2:1)
dispersed in 1 M NaCl was cooled, the sequence of
phases observed was hexagonal-ll > L, —~Lg— L,
(Fig. 4a). The hexagonal-1I phase was present between
+50°C and +5°C. The L, phase was first observed at
+25°C and converted to the Ly phase at —5°C. The
L, - L, phase transition temperature was —36°C. On
subsequent reheating, the temperatures of the transi-
tions showed some hysteresis; the L, — Ly transition
occurred at —11°C and the Lg— L, transition at
+5°C, whilst the hexagonal-II phase was first observed
at +10°C.

When a dispersion of 1 M PE/PG (2:1) in 3 M
NaCl was cooled, it formed a hexagcnal-11 phase be-
tween +50°C and —27°C (Fig. 4b). The Lz phase
existed between —12°C and —29°C, coexisting for
most of that thermal range with the hexagonal-1I phase.
The Lg— L, transition occurred at —29°C. The se-
quence of transitions was reversible and showed hyster-
esis on reheating; the L. — L, transition occurred at
—12°C, the L phase was present between —12°C and
—2°C and the hexagonal-II phase between —15°C and
+50°C (Fig. 4b). When 1 M PE /PG (1 : 1) dispersed in
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3 M NaCl was cooled, the hexagonal-11 phase was
present between +50°C and - 11°C (Fig. 4c). ihe L
phase was observed between +5°C and —35°C. and
always coexisted with the hexagonal-II phase. The L,
— L, transition occurred at —5°C and the Ly— L,
transition was observed at —21°C. Reheating the sam-
ple showed that the sequence of phases was reversible,
with the L, — L transition occurring at —20°C and the
Ly — L, transition at —10°C; the L, phase disappeared
at +6°C and the hexagonal-II phase formed at +2°C
(Fig. 4c).

The phase assignments and diffraction spacings for
purified phosphatidylethanolamine and phosphatidyl-
glycerol isolated from V. costicola grown in 3 M NaCl-
containing media (i.e., 3 M PE/PG) prepared with a
PE/PG ratio of 1:1 (i.e.,, 3 M PE/PG (1: 1)) dispersed
in 3 M NaCl and 1 M NaCl, and 3 M PE/PG prepared
with a PE/PG ratio of 2:1 (ie, 3 M PE/PG (2:1))
dispersed in 1 M NaCl are shown in Fig. 5a, b and c.
respectively. When 3 M PE/PG (1:1) dispersed in 3 M
NaCl was cooled the sequence of phases was L, — L,
=L, (Fig. 5a). The L,— L, transition temperature
was +3°C and the L,— L, transition occurred at
—12°C. On reheating, the L_ phase persisted to +5°C.
The L; phase was present as a mixture with the L,
phase between —5°C and +35°C, at which tempera-
ture the L, phase was formed at the expense of both the
Lp and L, phases.

When 3 M PE/PG (1:1) dispersed in 1 M NaCl was
cooled, the hexagonal-II phase was observed between
+50°C and +5°C (Fig. 5b). The L, phase was present
between +11°C and —12°C and coexisted with the
hexagonui -1l phase between +11°C and +5°C. The
L, phase converted directly to the L_ phase at —12°C.
On subsequent reheating the sequence of transitions
observed during cooling was reversed. Some hysteresis
was observed in all the t.cnsition temperatures; the
L. L, transition occurred at —5°C, the L, phase
finished at +25°C and the hexagonal-II phase was
present from +10°C to +50°C /Fig. 5b).

When 3 M PE/PG (2:1) dispersed in 1 M NaCl was
cooled, the hexagonal-II phase was observed between
+50°C and +11°C (Fig. 5c). The L, phase coexisted
with the hexagonal-II phase between +18°C and
+11°C. The Ly phase was observed between —5°C
and —15°C, and coexisted with the L phase between
—5°C and —10°C. The Ly — L, transition occurred at
—15°C. The sequence of transitions was reversed on
subsequent reheating and hysteresis was observed in all
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the transition temperatures. The L, — L4 transition oc-
curred at —1°C, whilst the L, phase was formed at
—2°C. The L; phase always coexisted with the L
phase between —1°C and +6°C. The L., phase ended
at +20°C and the hexagonal-11 phase was observed
between +14°C and +506°C (Fig. 5¢).

Discussion

As part of an investigation of membrane stability in
the moderately-halophilic eubacterium Vibrio costicola,
which can grow in up to 2.5 M NaCl {29}, we report the
cffcets of molar NaCl concentrations on the phase
behaviour of total-lipid extracts and binary mixtures of
the major phospholipids, phosphatidylethanolamine and
phosphatidylglycerol, mixed in the proportions fousd in
membranes of the bacterium cultured in 1 M and 3 M
NaCl.

Increasing the NaCl concentration, from 1 M to 3 M,
of the solution used to disperse total-lipid extracts iso-
lated from cells grown in 1 M NaCl-containing medium
(ie.. ‘1 M total lipid”) results in stabilisation of the
hexagonal-11 phase over a wider thermal range by 23
C* (Figs. 3a and 3b). The high salinity, in stabilising
the hexagonal-II phase, causes the hexagonal-1I - L,
and L, — Lj phase transitions to merge so that there is
no separate L phase. When the 1 M total lipid of V.
costicola is dispersed in 1 M NaCl (Fig. 3a) at the
bacterial growth temperature (i.e., 30°C), it forms a
mixture of hexagonal-H and L, phases, whereas when it
is dispersed in 3 M NaCl only the hexagonal-1I phase is
present between +50°C and — 5°C (Fig. 3b). We have
demonstrated previously that purified phosphatidyl-
ethanolamine isolated from V. costicola grown in 1 M
NaCl-containing medium forms a hexagonal-II phase
and that the temperature of the hexagonal-1I -» lamellar
phase transition decreases with increasing salinity,
whereas purified phosphatidylglycerol isolated under
the same conditions forms only lamellar phases between
+50°C and —-350°C [19]. Since phosphatidylethanol-
amine comprises more than 50% of 1 M total-lipid
extracts, it is to be expected that the salinity-induced
phase changes of this phospholipid would dominate the
phase behaviour of the total-lipid extract. When phos-
phatidylethanolamine and phosphatidylgiycerol isolated
from V. costicola grown in 1 M NaCl-containing medium
are mixed in a ratio of 2:1, they show a similar re-
sponse as purified phosphatidylethanolamine to an in-
crease in salinity of the dispersing solution in that the

Fig. 3. Diffraction spacings (nm) and phase assignments calculated from X-ray diffraction data for total-lipid extracted from V. costicola grown in 1

M (a and b) or 3 M (c and d) NaCl-containing media and dispersed in 80% by vol. 1 M (a and c) or 3 M (b and d) NaCl (pH 7.0) during cooling

and heating scans between +50°C and —50°C at 10 C°-min~". Diffraction spacings for a given phase were identical during heating and cooling.

The spacings belonging to a particular phase have been connected by lines, and values observed during cooling are shown; the temperature spans of
each phase during cooling and heating are summarised.
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hexagonal-11 phase persists at lower temperatures in 3
M compared with 1 M NaCl (cf. Fig. 4a and 4b).

When discussing the rele-ance of studies with total-
lipid extracts to the phase behaviour of membranes, the
role of membrane proteins and lipid—protein interac-
tions must be considered. A number of examples are
known in which the structures formed by the lipid
extracted from biological membranes differ greatly from
the bilayer arrangement that is believed to represent the
lipid matrix in the native membrane. These membrane
systems include the photoreceptor membrane for which
it has been proposed that the protein rhodopsin plays a
structural role in maintaining the membrane lipids in a
bilayer configuration by suppressing the hexagonal-11
and isotropic phases that the extracted lipids prefer to
form [30]. A similar effect of protein in chloroplast
thylakoid membranec has been proposed by Gounaris
et al. {31). It has also been demonstrated that the
intrinsic membrane protein glycophorin can stabilise
the bilayer configuration of dioleoylphosphatidyl-
ethanolamine by preventing the natural tendency of the
phospholipid to form the hexagonal-Il phase [32].
Hence, the phase behaviour of lipids in the biologicai
membrane differs from that of the extracted lipids.
Thus, it is assumed that the formation of the hexagonal-
II phase observed in 1 M total lipid of V. costicola at
the bacterial gréwth temperature is suppressed by mem-
brane proteins such that a bilayer arrangement
dominates in the native membrane, whilst the ability to
form isclated non-bilayer domains could be retained by
a lateral separation of lipids and proteins.

The total-lipid extract from V. costicola grown in 3 M
NaCl-containing medium (i.e., ‘3 M total lipid’) forms a
lamellar configuration over the temperature range
studied (+50°C to —50°C) when dispersed in either 1
M or 3 M NaCl (cf. Fig. 3c and 5d). Thus, it appears
that the total lipid from V. costicola grown in 3 M NaCl
could provide the bacterium with a membrane which
would be suitable for growth in either NaCl concentra-
tion because a lamellar phase is the structure compati-
ble with a non-leaky, functional membrane [33]. How-
ever, we know that NaCl-dependent changes in mem-
brane lipid [13] and fatty acid [14] composition occur
and may be a prerequisite for optimum growth of V.
costicola in media containing different NaCl concentra-
tions [34,35], The question therefore remains as to why
these changes are necessary when it appears that the
lipid and fatty acid composition of 3 M total lipid are
adequate to form a lipid bilayer at high or low salinity.
The growth of V. costicola is 4-times faster in 1 M
compared with 3 M NaCl-containing medium {17]. This
indicates that, although the membrane composition of 3
M NaCl-grown bacteria is sufficient for growth, the
composition of membranes from 1 M NaCl-grown
bacteria is associated with faster growth of the organism.
This may be related to the ability of 1 M total-lipid

extracts to form non-bilayer structures at growth tem-
perature,

The effect of salinity on the phase behaviour of
binary mixtures of phospholipids isolated from V.
costicola was also examined. Increasing the NaCl con-
centration, from 1 M to 3 M, of the solution dispersing
the binary mixture of phosphatidylethanolamine and
phosphatidylglycerol isolated from 1 M NaCl cultures
and prepared in a 2:1 ratio (ie., 1 M PE/PG (2:1))
decreases the temperature of the corresponding phase
transitions and results in the absence of the L, phase
(Fig. 4a and b). The phase behaviour of this binary
mixture appears to be dominated by the phase be-
haviour of the phosphatidylethanolamine component in
that the hexagonal-II phase is formed, since purified
phosphatidylglycerol has been shown to form only
lamellar phases [19]. When binary mixtures of phospho-
lipids isolated from 1 M NaCl-cultures are dispersed in
3 M NaCl, reducing the PE/PG ratio from 2:1 (i.e.,
equivalent to the phospholipid ratio present in 1 M
NaCl-grown cultures) to 1: 1 (i.e., the ratio in 3 M NaCl
cultures) results in partial stabilisation of the lamellar
phases (i.e., the hexagonal-11 — lamellar transition tem-
perature is raised by 16 C°); in addition, the L, phase
is observed (cf. Fig. 4b and 4c). These observations
show that increasing the proportion of phosphatidyl-
glycerol relative to that of phosphatidylethanolamine
can stabilise a lamellar phase. The ability of phospha-
tidylglycerol to stabilise a bilayer configuration in un-
saturated phosphatidylethanolamine has been reported
previously [36]. The presence of more than 20 mol% of
egg-phosphatidylglycerol caused egg-phosphatidyletha-
nolamine, which in isolation will preferentially form a
hexagonal-1I phase, to form a lamellar phase.

Increasing the NaCl concentration, from 1 Mto 3 M,
of the solution dispersing the binary mixture of
phosphatidylethanolamine and phosphatidylglycerol
isolated from 3 M NaCl-cultures and prepared ina 1:1
ratio (i.e., 3 M PE/PG (1:1)) results in the formation
of the hexagonal-II phase and the absence of the L,
phase at the lower salinity (cf. Fig. 5a and b). Thus, as
was observed with the 1 M PE/PG (2:1) samples,
resuspending the binary mixture at a NaCl concentra-
tion other than the salinity of the growth medium
results in a destabilisation of the lamellar phase. How-
ever, formation of the hexagonal-II phase in 1 M NaCl
but not 3 M NaCl cannot be explained on the basis of a
direct consequence of NaCl concentration on the phase
behaviour of phosphatidylethanolamine: based on evi-
dence from model systems a reduction in NaCl con-
centration of the resuspending solution should result in
an increase in the hexagonal-1I — lamellar transition
temperature, whereas in the present experiments using
phospholipids of biological origin a decrease in the
hexagonal-II — lamellar transition temperature was ob-
served. The explanation for this difference is not known,



but it highlights the importance of performing relevant
experiments with suitable lipids of biological origin.

Increasing the PE/PG ratio from 1:1 to 2:1 (ie.,
from the ratio found in 3 M NaCl cultures to that found
in 1 M NaCl cultures) of the binary mixtures of phos-
pholipids isolaied from 3 M NaCl cultures and disper-
sed in 1 M NaCl results in a small stabilisation of the
L, phase with respect o the hexagonal-II phase. Hence,
as was observed for the binary mixtures of phospho-
lipids isolated from 1 M NaCl-containing medium, a
PE /PG ratio equivalent to that found in membranes of
bacteria grown in a NaCl concentration equal to that
used to resuspend the samples stabilises the lamellar
phases, when compared to the phase behaviour of the
binary mixtures which have a PE /PG ratio diiierent to
that found in membranes of cells grown in the same
salinity as used to disperse the samples.

Binary mixtures were constructed to determiine
whether a stable bilayer arrangement could be producad
by modifying only the PE /PG ratio to suit the externai
NaCl concentration. Phosphatidylethanolamine and
phosphatidylglycerol isolated from 1 M (or 3 M)-grown
cells were prepared in the ratio found in the membrane
of 3 M (or 1 M) grown cells and dispersed in 3 M (or 1
M) NaCl (cf. Figs. 4c and 5c). Neither of these mixtures
exhibits the same phase behaviour as the corresponding
total lipid (i.e., 1 M (3 M) total lipid dispersed in 3 M (1
M) NaCl) or the equivalent binary mixture (ie., 1 M
PE/PG (2:1) dispersed in 3 M NaCl, or 3 M PE/PG
(1:1) dispersed in 1 M NaCl, respectively). For exam-
ple, when 1 M PE/PG (1:1) is dispersed in 3 M NaCl a
hexagonal-I1 phase is observed between +50°C and
-11°C, whereas 3 M total lipid, and the equivalent
binary mixture of 3 M phosphatidylethanolamine and
phosphatidylglycerol (ie., 3 M PE/PG (1:1)), both
form lamellar phases throughout the temperature range
studied (+ 50°C to —50°C). These differences probably
result from the altered fatty acid compositions of the
purified phosphatidylethanolamine and phosphatidyl-
glycerol, which depend on the salinity of the bacterial
culture medium {14]. These results emphasise the need
for the correct fatty acid composition of the constituent
phospholipids in vivo, as well as the appropriate PE /PG
ratio, for the proper functioning of the bacterial mem-
brane in cultures growing in media having different
salinities.

The effect of the ratio of phosphatidylethanolamine
and phosphatidylglycerol on the phase behavivur of
binary mixtures of the phospholipids isolated from V.
costicola was also examined. The binary mixture corre-
sponding to the major phospholipids in 1 M NaCl-grown
cells (ie, 1 M PE/PG (2:1)) exhibits a phase be-
haviour which is similar, but not identical, to 1 M total
lipid dispersed in 1 M or 3 M NaCl (cf. Fig. 4a and b
with Fig. 3a and 3b). The phase behaviour of a binary
mixture of phosphatidyletianolamine and phospha-
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tidylglycerol isolated from 3 M NaCl-grown bacteria
(ie, 3 M PE/PG (1:1)) is similar to the 3 M total lipid
only when it is dispersed at the growth salinity of 3 M
NaCl (cf. Fig. 5a and b with Fig. 4c and d). The 3 M
PE/PG (1:1) dispersed in 1 M NaCl exhibits a hexago-
nal-1I phase which is not observed with 3 M total lipid
(cf. Figs. 5b and 3c). These differences are assumed to
result from the presence of minor lipid components (i.e.,
diphosphatidylglycerol, lysophosphatidylethanolamine
and lysophosphatidylglycerol) and suggest that they play
a part in determining the phase behaviour of total-lipid
extracts. At NaCl concentrations below 1.5 M diphos-
phatidylglycerol exists in the L, phase, whereas raising
the NaCl concentration above 2.5 M causes diphospha-
tidylglycerol to form exclusively the hexagonai-II phase
[37]. These results are particularly relevant to the pr. -
sent study of V. costicola because in 1 M NaCl diphos-
phatidyiglycerol would be expected to form a lamellar
phase, whereas in 3 M NaCl it would form a hexagonal-
11 phase. This would increase the tendency for hexago-
nal-1I phase formation in the membrane, as would the
presence of lysophosphatidylethanclamine [38], whereas
lysophosphatidylglycerol would be expected to form
lameilar or hexagonal-1 phases.
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