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Abstract Acholeplasma laidlawii strain A-EF22 was
grown in a medium supplemented with 75 um a-deuter-
ated palmitic acid (16:0-d,) and 75 pm a-deuterated oleic
acid (18:1c-d,), or with 150 pm 18:1c-d,. The fatty acids
were incorporated into the membrane lipids and °H NMR
spectra were recorded from intact membranes, total lipid
extracts, and the combined glucolipid and neutral lipid
fractions of atotal lipid extract. The lipids in intact mem-
branes form a bilayer structure up to at least 70°C. The
same result was obtained with membranes digested with
pronase, which removes alarge fraction of the membrane
proteins. A reversed hexagonal liquid crystalline (H,))
phase was formed below 70°C by the total lipid extracts
hydrated with 20 and 30% (w/w) water; in the presence of
40% (w/w) water only one of the extracts formed an H,
phase below 70°C. The H,, phase was formed at higher
temperatures with an increasing water content. However,
only alamellar liquid crystalline (L ,) phase was formed
up to 70°C by the total lipid extracts when the water con-
centrations were 50% (w/w) or higher. The temperature
(T_y) for the L, to H,, phase transition in the combined
glucolipid and neutral lipid fractions was only 2-3°C
lower than for the total lipids, and the phospholipids thus
have avery modest influence onthe T, , value. Physiol og-
ically relevant concentrations of Ca?* and Mg?* ions did
not affect the phase equilibriaof total lipid extracts signif-
icantly. It is concluded from comparison with published
data that the membrane lipids of the cell wall-less bacte-
rium A. laidlawii have asmaller tendency to form reversed
nonlamellar phases than the membrane lipids of three bac-
terial species surrounded by a cell wall.
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1 Introduction

Practically all biological membranes contain at least one
lipidthatisabletoform areversed nonlamellar liquid crys-
talline phase, such as areversed hexagonal (H,,) phase or
a reversed cubic (l;,) phase. Data accumulated since the
beginning of the sixties show that total lipid extracts, iso-
lated from membranes of prokaryotic aswell aseukaryotic
origin, are also able to form reversed nonlamellar phases
(Luzzati and Husson 1962; Gulik-Krzywicki et al. 1967;
Rivas and Luzzati 1969; Burnell et al. 1980; Gulik et al.
1985; Lindblom et al. 1986; Mariani et al. 1990; Morein
et al. 1996). It has even been suggested that the lipids in
intact membranes may form nonbilayer structures (Burnell
et a. 1980; De Kruijff et al. 1980).

The phase behaviour of lipid-water systems is influ-
enced by a number of factors. An increase in the temper-
ature, and a decrease in the water content, often favour the
formation of H, and |,, phases (Rilfors et al. 1984; Lind-
blom and Rilfors 1989; Seddon 1990; Lindblom et al.
1991). Accordingly, some total lipid extracts, like those
prepared from human brain, beef heart mitochondria and
mai ze chloroplasts, form an H,, phase at water contents be-
low approximately 20% (w/w), but form alamellar liquid
crystalline(L ;) phaseat higher water contents (L uzzati and
Husson 1962; Gulik-Krzywicki et al. 1967; Rivasand Luz-
zati 1969). On the other hand, total lipid extracts isolated
from Escherichia coli membranes form H,, and/or I,
phases with water contents between 20 and 95% (w/w)
(Burnell et al. 1980; Ranck et al. 1984; Killian et al. 1992;
Morein et a. 1996). E. coli cells are surrounded by two
membranes and a cell wall. In contrast, cells of Achole-
plasma laidlawii have no cell wall and are surrounded by
a single membrane. Total lipid extracts prepared from A.
laidlawii A-EF22 membranes can form H,, and/or I,
phaseswith approximately 10 and 20% (w/w) water (Lind-
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blomet al. 1986; Rilforset al. 1994; Osterberg et al. 1995),
i.e. at water contents roughly corresponding to the maxi-
mum hydration of thedifferent glucolipids(Lindblomet al.
1986, 1993). However, no studies of the phase equilibria
of total A. laidlawii lipid extracts at higher water contents
have been performed so far. The present work fillsthisgap
and the results are compared with those obtained with to-
tal lipid extracts prepared from E. coli and other cell wall-
surrounded bacteria.

Anionic phospho- and phosphoglucolipids constitute
approximately 15—45 mol% of the membrane lipidsin A.
laidlawii A-EF22 (Wieslander et al. 1980, 1995; Anders-
son et al. 1996). Reversed nonlamellar phases are formed
by some anionic phospholipidsin the presence of divalent
cations (Lindblom et a. 1991, and references therein).
Therefore, the effect of fhysi ologically relevant concen-
trations of Ca?" and Mg=" ions on the phase equilibria of
total lipid extracts are also reported in the present study.

2 Materials and methods
2.1 Cell growth

A. laidlawii strain A-EF22 was grown in amedium (Eriks-
son et al. 1991) containing lipid-depleted bovine serum al -
bumin, fraction V (Boehringer Mannheim GmbH, Mann-
heim, Germany) (Razin and Rottem 1976) and lipid-de-
pleted tryptose (Difco Laboratories, Detroit, MI), prepared
asdescribed by Niemi et al. (1995). The medium was sup-
plemented with 75 um a-deuterated palmitic acid (16:0-
d,) and 75 pum a-deuterated oleic acid (18:1c-d,), or with
150 pm 18:1c-d,. The deuterated fatty acids were synthe-
sized according to Tulloch (1977) and the purity of these
acids was 99% as determined by gas-liquid chromatogra-
phy (GLC). A. laidlawii cellsfrom 11 of medium wereused
for preparation of the membrane samples, and cells from
5 or 30 | of medium were used for preparation of the total
membrane lipid extracts. The cells were grown for 20 h at
30°C.

2.2 Harvest of cells

The cell suspensions were centrifuged in a Beckman
JA-10 rotor for 20 min at 17600 g,,,.- Cellsintended for
preparation of total lipid extracts were washed in 3-buf-
fer (150 mm NaCl; 50 mm Tris; 0.2% (v/v) B-mercaptoe-
thanol; pH=7.4), centrifuged and frozen at —40°C. Cells
intended for preparation of intact membranes were
washed in B-buffer supplemented with 10 mm Na,-
EDTA, centrifuged, and lysed in deionised water at 20°C
for 45 min under gentle stirring; after cell lysis Nay,-
EDTA was added to afinal concentration of 10 mm. The
membrane suspensions were centrifuged at 1°C in a
Beckman JA-20 rotor for 45 min at 48 300 g,,,4- Finaly,
the membranes were washed in diluted S3-buffer (1/20)
and centrifuged.

In order to obtain membranes with areduced amount of
protein, a membrane pellet, from the cells grown in me-
dium supplemented with 150 um 18:1c-d,, was resus-
pendedin B-buffer and the proteolytic enzyme pronase was
added to afinal concentration of 250 pg/ml. The digestion
was carried out at 40°C for 30 min. The membrane prep-
aration was centrifuged at 5°Cin a 70 Ti rotor for 30 min
at 100000 g,,,4- According to Morowitz et al. (1969) this
proteolytic procedure removes morethan 70% of the mem-
brane proteins.

2.3 Preparation of membrane samples
for 2H NMR studies

Theintact and the pronase-treated membrane sampleswere
washed once in 4 ml of deuterium-depleted water (*H,0)
(Fluka Chemika) to remove most of the deuterium signal
from the buffer. The membrane sampleswere concentrated
by ultracentrifugation at 1°C in a TLA-100.3 rotor for
60 min at 202000 gy, and the pellets were transferred to
10-mm outer diameter (0.d.) NMR glass tubes.

In order to record a ?H NMR spectrum of acceptable
guality from the membrane samples, freeinduction decays
(FIDs) were often accumulated during 2—3 h. A possibil-
ity therefore exists that membrane-associated enzymes
may alter the lipid composition in the preparations while
the spectraare recorded, and such alterations could in turn
affect apossibletransition between L ,and |, or H,, phases.
Thispossibility wasexcluded by inactivating the enzymes;
the intact membrane samples, prepared from the cells
grown in medium supplemented with 75 um 16:0-d, and
75 pm 18:1c-d,, were heated to 70°C for 10 min and then
cooled on ice for 10 min. However, the inactivation of the
membrane proteins per se may affect the phase equilibria
of the membrane lipids, and the intact and the pronase-
treated membrane samples, prepared from the cells grown
in medium supplemented with 150 um 18:1c-d,, were not
exposed to 70 °C before the spectrawere recorded. There-
cording of the?H NMR spectrawereinitiated immediately
after the membrane samples had been prepared.

2.4 Isolation and purification of lipids

Theextraction of thelipids, and the purification of thelipid
extracts on a Sephadex G-25 Fine column, were performed
as described by Eriksson et al. (1991).

The isolation of the combined glucolipid and neutral
lipid fractions from the total lipid extract containing 16:0-
d, and 18:1c-d, was performed on a silicic acid column
(Bio-Sil HA minus 325 mesh, Bio-Rad L aboratories, Rich-
mond CA) (Eriksson et al. 1991). These lipid fractions
were eluted with chloroform: methanol, 8: 2 (v/v).

To remove the divalent cations, which can affect the
phase equilibria of anionic membrane lipids (Lindblom
et al. 1991, and references therein) the total lipid extracts,
from the cells grown in medium supplemented with 75 um
16:0-d, and 75 pm 18:1c-d,, weretreated with Na,-EDTA



in order to removetheseions. Thetotal lipid extracts, from
the cells grown in medium supplemented with 150 pm
18:1c-d,, were treated with Na,-EGTA, according to a
modified version (Rilforset al. 1994) of the procedure de-
scribed by Smaal et al. (1985).

2.5 Determination of polar head group
and acyl chain compositions

The medium supplemented with 75 pum 16:0-d, and 75 FM
18:1c-d, also contained 3 puCi/l *H-16:0 and 1 pCi/l **C-
18:1c. Theglucolipid compositionin thetotal lipid extract
derived from cells grown in this medium was determined
by acombination of TLC and liquid scintillation counting.
The glucolipids were separated on DC-Alufolien Kiesel-
gel 60 plates (Merck, Darmstadt, Germany) developed in
chloroform: methanol ; 25% ammonia, 91:35:10 (v/v).
The lipids were detected and analysed as described by
Niemi et al. (1995). The polar head group compositions of
thetotal lipid extracts derived from cells grown in the me-
dium supplemented with 18:1c-d, were determined by high
performanceliquid chromatography (HPL C), using amod-
ified version (Andersson et al. 1996) of the method de-
scribed by Arnoldsson and Kaufmann (1994). The peaks
in the chromatograms were assigned by comparing their
retention times with those of the purified A. laidlawii lip-
ids and the molar percentages were obtained with the ap-
propriate molar response factors (Andersson et al. 1996).

The acyl chain compositions in the different total lipid
extractswere determined by GL C after convertingthelipid
acyl chainsto their methyl esters (Rilforset al. 1978). The
analyses of the acyl chain composition for the total lipid
extract derived from cells grown in the medium supple-
mented with 75 pm 16:0-d, and 75 pm 18:1c-d, were per-
formed with aCarlo ErbaInstrument, Model HRGC 5300-
HT, equipped with a 15 m capillary, fused silica column
coated with Supelco Wax (Supelco Inc., Bellefont, PA).
Theanalysesof thelipidextractsobtained from cellsgrown
in medium supplemented with 150 pum 18:1c-d, were per-
formed with a Varian Instrument, Model 3700, equipped
with a 180 cm polar SP-2330 column (inner diameter
0.13 cm) from Supelco Inc. (Bellefonte, PA). Integrators
were connected to both apparatuses. The acyl chain com-
positions were calculated after the response factors had
been obtained from standard reference mixtures (Larodan
Fine Chemicals, Malmo, Sweden).

2.6 Preparation of lipid samples for °2H NMR studies

Thelipidextractsweredriedin8 mm o. d. glasstubesunder
a stream of N,, followed by freeze-drying at ~10~3 Torr
until constant weights were obtained. The total lipid ex-
tractswere hydrated with 20, 30, 40, 50 or 60% (w/w) *H,0O
and the combined glucolipid and neutral lipid fractions
were hydrated with 20% (w/w) *H,0.

To study the effect of divalent cations, two total lipid
extract samples (derived from cells grown in the medium
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supplemented with 150 um 18:1c-d,, batch 2) were hy-
drated with 20% (w/w) *H,O containing 134 mm CaCl,, or
MgCl,, which correspondsto amolar ratio cations: anionic
phospholipids of 1/10. The samples were freeze-thawed
and centrifuged several timesin order to mix all the com-
ponents thoroughly.

2.7 °H NMR measurements

2H NMR spectrawere recorded with a Bruker AM X 2-500
spectrometer operating in the quadrature detection mode
at the frequency 76.77 MHz using a standard broad-band
highresolution probe. Thetemperaturewascontrolled with
a Bruker BV-T unit, calibrated before each temperature
scan. The sample was allowed to equilibrate for 30 min at
each temperature before the measurements were made. A
phase-cycled quadrupole echo pulse sequence was used
(Bloom et al. 1980) with a 772-pulse width of 15 ysand a
delay time, between thetwo pul ses, of 60 pis. For each sam-
ple and temperature, ~45000 FIDswere accumulated with
arecycletime of 150 ms. The spectral width was 167 kHz.
All lipid sampleswere repeatedly stored at —20 °C, freeze-
thawed, and equilibrated, and new series of 2H NMR spec-
tra were recorded; practically identical spectra were re-
corded each time. Analytical TLC was used to determine
if lipid degradation occurred during the NM R experiments;
no significant degradation could be detected.

2.8 Dataprocessing

The FIDs were converted into a suitable format and were
fractionally left-shifted by the use of a home-written pro-
gram FRLS. The FTNMR procedure consisted of the fol-
lowing steps: left-shifting was performed and the size of
the files was set to 512 points, followed by zero-filling up
to 4096 points. A line broadening of 50 Hz was applied.
The membranes and the total lipid extracts contain a mix-
ture of different lipids that give rise to a rather complex
guadrupole splitting pattern. Therefore, in order to get a
better spectral resolution, the spectra were de-Paked, a
technique that offers a convenient way to resolve overlap-
ping powder patterns (Bloom et al. 1981; Sternin et al.
1983). A FORTRAN program for iterative de-Paking in
the frequency domain (Sternin 1982) was used. For each
spectrum, 3 iterations of de-Paking were performed. The
formation of the H,, phase was easily detected in the de-
Paked spectra.

3 Results

In model membrane systems, the °H NMR spectraof phos-
pholipids labelled in the C-2 position of both acyl chains
are generally characterized by three quadrupole splittings
(Seelig and Seelig 1980), due to the inequivalence of the
two deuterons in the C-2 position of the sn-2 chain and to
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50°C 50°C
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Fig. 1A,B 2HNMR spectrarecorded at different temperaturesfrom
membrane samplesprepared from A. laidlawii A-EF22. A Membrane
samplefrom cells grown in medium supplemented with 75 pum 16:0-
d, and 75 pum 18:1c-d,. B Pronase-treated membrane sample from
cells grown in medium supplemented with 150 pm 18:1c-d,

the different environments experienced by the sn-1 and
sn-2 chains. The largest quadrupole splitting can be as-
signedto the sn-1 chain, whilethe other two splittings arise
from the sn-2 chain. The °H NMR quadrupole splittings
are reduced by approximately afactor of twowhenan L,
phase transforms into an H,, phase. This difference in the
magnitude of the splittings between the two phases can be
accounted for by the fact that there is an extra motional
averaging in the H;, phase due to the translational diffu-
sion around the symmetry axis of the water cylinders in
this phase (Lindblom 1996).

3.1 Phase equilibriain membranes

Previous studies on the phase behaviour of A. laidlawii to-
tal lipid extracts hydrated with approximately 10 or 20%
(w/w) water show that transitions from an L , phase to an
H,, phase, or an |, phase, take place when the temperature
is increased (Lindblom et al. 1986; Rilfors et al. 1994;
Osterberg et al. 1995). These observationsturned our inter-
est to investigate whether the lamellar-nonlamellar phase
transition also can occur in intact membrane samples pre-
pared from A. laidlawii cells.

Several sampleswere prepared from cellsgrownin me-
dia supplemented either with 150 um 18:1c-d, or with
75 um 16:0-d, and 75 pm 18:1c-d,. The 2H NMR spectra
obtained from these membrane samples showed only an
L, phase between 30°C and 70°C. The effect of higher
temperatureswas not investigated sincethelipids could be
expected to decompose. In order to exclude the possibility
that this result is due to the fact that the lipid composition
in the membranes is gradually adapted to the increasing
temperature, the membrane-associated enzymes were in-
activated in some samples (see Material s and methods) be-
fore the ?H NMR spectra were recorded. However, no
phasetransition occurred between 30 °C and 70°Cinthese
membrane samples either (Fig. 1A).

To examineif the water-exposed parts of the membrane
proteins in the membrane samples inhibited the formation
of an H,, phase by keeping the bilayers separated, most of
the membrane proteins were removed through digestion
with pronase. However, the lipids in the pronase-treated
membrane sample formed only an L , phase between 30°C
and 70°C (Fig. 1B).

The water contents in the samples with intact mem-
branes and pronase-treated membranes were ~94% (w/w)
and ~88% (w/w), respectively. The phase structure formed
by membrane lipids often depends on the water content;
this holds for isolated lipids as well as for total lipid ex-
tracts(Rilforset al. 1984; Lindblom and Rilfors1989). The
absence of a phase transition in the membranes may de-
pend on the high water content, and the phase equilibria
for thetotal lipid extractsat increasing water contentswere
therefore investigated.

3.2 Effect of hydration on phase equilibria
in total lipid extracts

In order to investigate the correlation between the water
concentration and the formation of reversed nonlamellar
phasesin A. laidlawii total lipid extracts, the lipids were
mixed with 20, 30, 40, 50 and 60% (w/w) *H,O. Three
total lipid extracts were examined. Moreover, the com-
bined glucolipid and neutral lipid fractions were isolated
from the total lipid extract containing 16:0-d, and 18:1c-
d,. The composition of these fractions, the relative
amounts of the glucolipids and diacylglycerol (DAG) in
the two total lipid extracts containing 18:1c-d,, and the
acyl chain compositions of the total lipid extracts are
shown in Tables 1 and 2. The fractions of monoglucosy!-
diacylglycerol (MGIcDAG) and monoacyldiglucosyldia-
cylglycerol (MADGIcDAG) are decreased, and the frac-
tion of diglucosyldiacylglycerol (DGICDAG) is in-
creased, when the degree of acyl chain unsaturationin the
lipid extracts is increased. Thisisin line with previous
results and has been interpreted to constitute alipid reg-
ulation mechanism that strives to keep the balance
between lamellar-forming and nonlamellar-forming lip-
idswithin anarrow range (Andersson et al. 1996, and ref-
erences therein).

Table1l Therelativeamounts(mol %) of diacylglycerol (DAG) and
the glucolipidsin total lipid extracts from A. laidlawii A-EF22

Lipid Growth medium supplementation
75 um 16:0-d, + 150 pm 150 pm
75 um 18:1c-d, 18:1c-d, 18:1c-d,
Batch 1 Batch2
DAG 1.2 1.2 0.5
MGIcDAG? 27.6 32 1.7
DGIcDAG? 53.3 85.2 85
MADGIcDAG? 17.9 10.5 12.8

2 MGIcDAG Monoglucosyldiacylglycerol; DGICDAG Diglucosyl-
diacylglycerol; MADGIcDAG Monoacyldiglucosyldiacylglycerol



Table2 Acyl chain composition (mol %) in the total lipid extracts
from A. laidlawii A-EF22. The lipid extracts contained the neutral
lipids

Acyl Growth medium supplementation
chains?®

75 um 16:0-d, + 150 pum 18:1c-d, 150 pm 18:1c-d,

75 um 18:1c-d, Batch1 Batch 2
12:0 2.8 0.7 25
13.0 0.9 1 1.7
14.0 3.7 5.8 6.7
15:0 0.8 3.8 35
16:0 - 9.8 7.1
16:0-d, 43.8 - -
17:0 - 0.5 0.3
18:0 - 0.6 0.3
18:1c-d, 47.5 75.9 76
unidentified 0.5 1.9 1.9

2 Theacyl chainsare denoted asn: x were nisthe number of carbons
and x is the number of cis double bonds. The notation -d, indicates
that the acyl chain contains 2 deuterium atoms in the a-position

Table3 Effect of lipid hydration on the temperatures (T, ) for the
transition from a lamellar liquid crystalline (L ;) to a reversed hex-
agonal (H,,) phase in total lipid extracts isolated from A. laidlawii
A-EF22. The lipid extracts contained the neutral lipids

H,0% Ty (°C)?

(wiw)
75 um 16:0-d, + 150 pm 18:1c-d, 150 pm 18:1c-d,
75um 18:1c-d, Batch1 Batch 2

20 43-46 30° 30

30 53-57 50-55 50-55

40 - 60-65 n.i.

50 - - n.i.

60 — n.i. n.i.

2 The upper limit of the temperature range investigated was 70°C
n.i., not investigated
b Two lipid samples were examined

In contrast to earlier studies of total lipid extracts from
A. laidlawii the neutral lipid fractions were not removed.
In studies of total lipid extracts from E. coli membranes
(Morein et al. 1996) it was observed that the presence of
the neutral lipid fraction decreased the temperature of the
transition from an L, phase to reversed nonlamellar
phases (Ty,).

When the total lipid extracts were hydrated with 20%
(w/w) *H,0, an H,, phase appeared at approximately 30°C
and 43-46°C in the lipid extracts derived from the cells
grown in media supplemented with 150 pm 18:1c-d, and
with 75 pum 16:0-d, and 75 pum 18:1c-d,, respectively
(Table 3). Upon increasing the water concentration to 30%
(w/w) the H,, phase started to form between 50-57°C in
al the extracts examined as judged from the appearing
guadrupole splitting of about 9 kHz (Figs. 2A and 2B).
With a water content of 40% (w/w), 2H NMR spectra re-
corded fromthetotal lipid extract derived from cellsgrown
in the presence of 150 um 18:1c-d, (batch 1) showed that
an H,, phase started to form at 60—65°C (Fig. 2C). How-
ever, in the total lipid extract derived from cells grown in
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A B
57.5°C 64 °C
55°C 57°C
50°C 53°C
40°C 40 °C
[ T T 1 [ I 1
30 0 30 -30 0 30
kHz kHz
C D
69 °C 66 °C
63 °C 63 °C
60 °C 60 °C
[ T T T T T 1 [ T T T 1
30 0 30 -30 0 30
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Fig. 2A—D 2H NMR spectra recorded at different temperatures
from total lipid extracts isolated from A. laidlawii A-EF22; the lip-
id extracts contained the neutral lipids. The quadrupole splitting of
about 9 kHz indicates the appearance of areversed hexagonal phase
inA, B, and C. A Tota lipid extract containing 18:1c-d,, 30% (w/w)
1H,0. B Total lipid extract containing 16:0-d, and 18:1c-d,, 30%
gwlw) 1H,0. C Total lipid extract containing 18:1c-d,, 40% (w/w)

H,0. D Total lipid extract containing 16:0-d, and 18:1c-d,, 40%
(wiw) *H,0

the presence of 75 um 16:0-d, and 75 pm 18:1c-d,, no in-
dication of atransition to an H;; phase was detected up to
70°C (Fig. 2D). Only an L, phase was formed up to
70°C in the lipid extracts when the water concentrations
were 50% (w/w) or larger (Table 3).

Thecombined glucolipid and neutral lipidfractionswere
isolated fromthetotal lipid extract derived from cellsgrown
in media supplemented with 75 um 16:0-d, and 75 pm
18:1c-d, (Table 1). The phase behaviour of a sample con-
sisting of these lipid fractions hydrated with 20% (w/w) of
water was compared to that of the corresponding total lipid
extract. The T, ., value was only 2—3°C lower in the com-
bined glucolipid and neutral lipid fractions (Fig. 3; Ta
bles 3-5) despite the fact that the phospholipid fraction
constituted about 34 mol% of the total lipid fraction.

The heterogeneity of the lipid head group composition
and the different contributions from the a-deuterated sn-1
and sn-2 chains arefactorsthat giveriseto the many quad-
rupole splittings in the 2H NMR spectra. The combined
glucoalipid and neutral lipid fractions gave rise to fewer
guadrupole splittingsthan the corresponding total lipid ex-
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48°C 46°C
46°C 43°C
43°C 40°C
40°C 37°C
-30 0 30 -30 0 30
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C D
48°C 16°C
46°C 43°C
43°C 40°
40°C 37°C
0 10 20 0 10 20
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Fig. 3A—D 2H NMR spectra recorded at different temperatures
from lipid extracts isolated from A. laidlawii A-EF22. The quadru-
pole splitting of about 9 kHz indicates the appearance of areversed
hexagonal phase. Note that only “half” the quadrupole splittings of
the NMR spectrum is shown for the de-Paked spectrain C and D.
A Total lipid extract with neutral lipidscontaining 16:0-d, and 18:1c-
d,, 20% (w/w) H,0. B The glucolipid and neutral lipid fractions
containing 16:0-d, and 18:1c-d,, 20% (w/w) *H,0. C The de-Paked
spectrum of A; 3iterations of de-Paking were performed. D The de-
Paked spectrum of B; 3 iterations of de-Paking were performed

tract (Figs. 3C and 3D; Tables4 and 5). The largest
(=27 kHz) and the smallest (~12 kHz) splittings observed
in spectra recorded from the total lipid extract are absent
in spectrarecorded from the combined glucolipid and neu-
tral lipid fractions. Consequently, these splittings arise
from the phosphoalipid fraction. Thisisin accordance with
apreviousinvestigation by Ranceet al. (1983) in which A.
laidlawii membrane lipids labelled with a-deuterated di-
hydrosterculic acid were studied.

3.3 Effect of divalent cations on the phase equilibria
in total lipid extracts

The amounts of Mg®* and Ca?* ions present in A. laidlawii
membranes in vivo have been estimated by Kahane et al.

Table4 Quadrupole splittings (A?H) obtained at different temper-
atures in “H NMR spectra recorded from a total lipid extract
containing a-deuterated 16:0 and 18:1c. The lipids were hydrated
with 20% (w/w) *H,0

Temperature A?H (kH2)

(°C)

40 12.2 17.6 21.1 22.3 271 28.1
43 12.4 17.5 20.9 22.1 27.3

46 9.12 125 17.4 20.6 22 27

48.5 8.9 12.5 17.3 20.3 21.8 26.9

@ This quadrupole splitting indicates the appearance of a reversed
hexagonal phase

Table5 Quadrupole splittings (A%H) obtained at different temper-
atures in ?H NMR spectra recorded from the combined glucolipid
and neutral lipid fractions containing a-deuterated 16:0 and 18:1c.
The lipids were hydrated with 20% (w/w) *H,0

Temperature (°C) A?H (kHz2)

37 17.4 21.1 22.3
40 17.3 20.6 22.3
43 8.72 17.2 20.3 21.8
46 8.5 17 20.1 21.8

@ This quadrupole splitting indicates the appearance of a reversed
hexagonal phase

(1973). They determined the Mg?* content to be 1.55 pg
per mg of membrane protein and that 60 to 83% was bound
tothelipid fraction. However, they could only detect small
amounts of Ca?*. From these data it can be estimated that
the amount of Mg®* isin the range of 0.9—1.2 ug per mg
lipid if it is assumed that the membrane is composed of
equal amounts of protein and lipid by weight (Wieslander
and Rilfors 1977).

Mg or Ca?* wasincluded in the water added to the to-
tal lipid extracts prepared from the cells grown in the me-
dium supplemented with 150 pm 18:1c-d,. The molar ra-
tio cations: anionic phospholipids was 1/10; in the case of
Mg?* this corresponds to 0.8 pg of ions per mg of lipid,
which is in the same range as the amount found in vivo.
The water concentration in the samples was chosen to be
20% (w/w). The phase behaviour was compared to that of
areference without cations, prepared from the same batch
of total lipid extract. Thetemperatureat which an H,, phase
started to form was approximately 30°C in all three sam-
ples and no significant differences between the samples
were observed at higher temperatures.

4 Discussion

Experiments have been performed previously on A. laid-
lawii membranes with various techniques (see e.g. Casal
et al. 1980; Rance et al. 1980; Silvius et al. 1980; Moore
et al. 1993). However, the main purpose of those experi-
ments was to study the lamellar gel (Lpg) to L, phase



transition temperature for cells, membranes, and the ex-
tracted total lipids. One aim of the present study wasto es-
tablish whether thelipidsinintact A. laidlawii membranes
can form nonbilayer structures. 2H NMR spectra recorded
from membranes labelled with a-deuterated fatty acids
show that only an L, phase is formed between 30 and
70°C. The reorganization of an L, phase to an H,, phase
has been shown both theoretically and experimentally to
beinitiated by a close proximity of the lipid bilayers (Bo-
rovjagin et al. 1982; Siegel 1986 a, 1986 b), and it has been
proposed that the apposed bilayers must be closer than
1 nm for the phase transition to be initiated. A large frac-
tion of theproteinsinthe A. laidlawii membranewasthere-
fore removed by digestion with pronase. However, no
phase transition could be detected between 30 and 70°C.

Total lipid extractsfrom A. laidlawii membranesformed
an H,, phase up to awater content of 40% (w/w). One can
speculate about the reason for the difference in the transi-
tion temperature between the lipid extracts when the wa-
ter content is20% (w/w) (Table 3). Previousinvestigations
of the phase equilibria of total lipid extracts isolated from
mai ze chloroplasts and E. coli revealed that the Ty, val-
ues were less reproducible when the neutral lipid fraction
was still present in the lipid extracts (Rivas and Luzzati
1969; Morein et al. 1996). The difference in the tempera-
ture(T,_y) for thelL ,to H,, phasetransition observed inthe
present study when the water content is 20% (w/w) may
therefore be the result of a natural variation that emerges
when the samplesare prepared fromliving cells (Rivasand
Luzzati 1969).

All thetotal lipid extractsformed only an L, phasewhen
the water content was 50% (w/w) or larger. Thisfindingis
in accordance with earlier reports stating that a high de-
gree of hydration often favours the formation of an L,
phasein various lipid-water systems (Luzzati and Husson
1962; Gulik-Krzywicki et al. 1967; Rivas and Luzzati
1969; Rilforset al. 1984; Seddon 1990). It istherefore con-
cluded that the high water concentrations (88% (w/w) or
larger) in the membrane samples prevent the formation of
nonlamellar phases irrespective of the presence and the
structure of the membrane proteins.

Since the combined glucolipid and neutral lipid frac-
tions and the corresponding total lipid extract have simi-
lar T, .y values (Fig. 3; Tables 3—5), the phospholipids ap-
parently have avery modest influence on the T,  value of
atotal lipid extract. Thisconclusion is surprising since the
addition of anionic phospholipids to an H,, phase gener-
aly raises the T, .y value (Rilfors et al. 1984). The result
may therefore indicate that hydrogen bonding occurs
between the polar head groups of the phospholipids and
theglucolipids. A recent monolayer study of individual lip-
ids and total lipid extracts from A. laidlawii supports this
suggestion (Andersson et al. 1997).

The addition of physiologically relevant concentrations
of Ca?* and Mg?* ions o total lipid extracts did not affect
the phase equilibria significantly. Earlier investigations
have shown that Mg®* and Ca?* can affect the phase beha-
viour of anionic phospholipids. For example, theseionsin-
duce the formation of an H,, phase when mixed with di-
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phosphatidylglycerol (Rand and Sengupta 1972; Killian
et al. 1994) or phosphatidic acid (Verkleij et al. 1982),
while they stabilize an L g phase when mixed with phos-
phatidylglycerol or phosphatidylserine (Verkleij et al.
1974; Hauser and Shipley 1984). The anionic lipids occur-
ring in the A. laidlawii A-EF22 membrane are phosphati-
dylglycerol and two glycerophosphoryl derivatives of
DGIcDAG (Wieslander and Rilfors 1977; Hauksson et al.
1994). One of the glycerophosphoryl derivatives forms
long thread-like micellesin ahighly diluted water solution
(Daninoet al. 1997) and the probability that thislipid forms
an H,, phase in the presence of divalent cations is there-
fore small.

Investigations of the phase behaviour of total lipid ex-
tracts (including the neutral lipid fraction) prepared from
E. coli cells grown at 37°C showed that a total lipid ex-
tract hydrated with 70% (w/w) of water started to form an
isotropic phase between 50 and 60 °C; this transition tem-
perature was decreased about 10°C if the lipids were ex-
tractedfromcellsgrownat 17 or 27°C(Moreinet al. 1996).
These results thus differ markedly from those obtained
withtotal lipid extractsisolated from A. laidlawii, since no
nonlamellar phases could be induced in these extracts be-
low 70 °C with water contents of 50% (w/w) or higher. This
difference might be explained by the different structures
of the cell envelope in the two bacterial species. A. laid-
lawii cells are surrounded only by a single membrane, the
plasma membrane, while E. coli cells are surrounded by
an inner and an outer membrane separated by a cell wall.
Itiscrucial for survival of acell to maintain the membrane
lipidsin abilayer structure at the growth temperature. An
E. coli cell might be able to deal with alipid composition
that has agreater tendency to form nonlamellar structures,
since the firm cell wall can counteract such structural ten-
dencies by preventing the two lipid monolayersto curl up.
It might even be necessary for E. coli cells to have a pro-
nounced tendency to form nonbilayer structures, sincethis
could enable the cellsto form adhesion sites (Oliver 1996)
between the two membranes.

Thephase equilibriaof atotal lipid extract from another
Gram-negativebacterium, Pseudomonasfluorescens, have
also been studied (Mariani et al. 1990). An I,, phase is
straddled by an H,, phase in the phase diagram, and for lip-
ids with 50% (w/w) of water the H,, phase formsjust 5°C
above the growth temperature of the cells. A comparison
can also be made with the phase equilibria of atotal lipid
extract from the archaebacterium Sulfolobus solfataricus
(Gulik et al. 1985). Cellsbelonging to the domain Archaea
are surrounded by a cell wall, although of another chemi-
cal composition than the cell wall of Gram-negative and
Gram-positive bacteria. Thetotal lipid extract from S. sol-
fataricus forms two different 1,, phases; one of the phases
is formed at the growth temperature of the cells when the
lipids are hydrated with 45—-50% (w/w) of water. Thus,
also P. fluorescens and S. solfataricus have membrane lip-
idsthat aremorepronetoformreversed nonlamellar phases
than the lipids of A. laidlawii. Finally, total lipid extracts
isolated from the organellesmitochondriaand chloropl asts
form only an L, phase above water contents of approxi-
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mately 20% (w/w) (Gulik-Krzywicki et al. 1967; Rivasand
Luzzati 1969). The different abilities of the total lipid ex-
tracts to form reversed nonlamellar phases are probably
not due to large variations in the degrees of maximum hy-
dration of thelipid extracts, sincethe presence of 3% (w/w)
of ionic lipidsin an L , phase already resultsin the uptake
of very large amounts of water (Gulik-Krzywicki et al.
1969). With this limited set of data as basis it can there-
fore be speculated that cell wall-surrounded cells can tol-
erate a membrane lipid composition that has a rather
marked ability to form reversed nonlamellar phases; it may
even be afunctional advantage for these cellsto have such
alipid composition. The reason why this is important for
the cell has been subjected to many recent suggestions and
speculations in the literature, and the role played by such
“lipid forces” iscurrently investigated in several laborato-
ries (Epand 1996; Marsh 1996, Thurmond and Lindblom
1997).

Acknowledgements We are grateful to Dr. Magnus Bergqvist at
Astra Production Chemicals, Sodertélje for performing the HPLC
analyses. Susann Haraldsson and Seija Holma at the Department of
Physical Chemistry, Umed University, are acknowledged for per-
forming the cultivation of A. laidlawii on a-deuterated oleic acid.
We also acknowledge the able technical assistance of Eva-Lotta
Anlér-Blomberg at the Department of Physiologica Chemistry,
Uppsala University. Thiswork was supported by the Swedish Natu-
ral Research Council and The Knut and Alice Wallenberg Founda-
tion.

References

Andersson A-S, Rilfors L, Berggvist M, Persson S, Lindblom G
(1996) New aspects on membranelipid regulation in Acholeplas-
ma laidlawii A and phase equilibria of monoacyldiglucosyldia-
cylglycerol. Biochemistry 35:11119-11130

Andersson A-S, Demel RA, RilforsL, Lindblom G (1997) Lipidsin
total extracts from Acholeplasma laidlawii A pack more closely
than the individual lipids. Monolayers studied at the air-water
interface. Submitted to Biochim Biophys Acta

Arnoldsson KC, Kaufmann P (1994) Lipid class analysis by normal
phase high performance liquid chromatography, development
and optimization using multivariate methods. Chromatographia
38:317-324

Bloom M, Davis JH, Valic M1 (1980) Spectral distortion effects due
tofinitepulsewidthsin deuterium NM R spectroscopy. Can JPhys
58:1510—-1517

Bloom M, Davis JH, Mackay AL (1981) Direct determination of the
oriented sample NMR spectrum from the powder spectrum for
systemswith local axial symmetry. Chem Phys L ett 80: 198 —-202

Borovjagin VL, VargaraJA, Mclntosh TJ(1982) Morphology of the
intermediate stages in the lamellar to hexagonal lipid phase tran-
sitions. J Membrane Biol 69: 199-212

Burnell E, Van Alphen L, Verkleij A, De Kruijff B (1980) 3P nucle-
ar magnetic resonance and freeze-fracture electron microscopy
studies on Escherichia coli |. Cytoplasmic membrane and total
phospholipids. Biochim Biophys Acta 597: 492—-501

Casal HL, Cameron DG, Smith ICP, Mantsch HH (1980) Achole-
plasma laidlawii membranes: a Fourier transform infrared study
of the influence of protein on lipid organization and dynamics.
Biochemistry 19: 444—-451

Danino D, Kaplun A, Lindblom G, Rilfors L, Orédd G, Hauksson
JB, Talmon Y (1997) Cryo-TEM and NMR studies of amicelle-
forming phosphoglucolipid from membranes of Acholeplasma
laidlawii A and B. Chem Phys Lipids 85: 75—-89

DeKruijff B, Rietveld A, CullisPR (1980) 3P-NMR studieson mem-
brane phospholipidsinmicrosomes, rat liver slicesand intact per-
fused rat liver. Biochim Biophys Acta 600: 343—-357

Epand RM (1996) Functional roles of non-lamellar forming lipids.
Chem Phys Lipids 81: 101-104

Eriksson P-O, Rilfors L, Wieslander A, Lundberg A, Lindblom G
(1991) Order and dynamics in mixtures of membrane glucolip-
ids from Acholeplasma laidlawii studied by 2H NMR. Biochem-
istry 30:4916—4924

Gulik A, Luzzati V, De RosaM, GambacortaA (1985) Structure and
polymorphism of bipolar isopranyl ether lipids from Archaebac-
teria. JMol Biol 182: 131-149

Gulik-Krzywicki T, RivasE, Luzzati V (1967) Structure et polymor-
phismedeslipides: étude par diffraction desrayons X du systéme
formé de lipides de mitochondries de coeur de boeuf et d’ eau.
JMol Biol 27:303—-322

Gulik-Krzywicki T, Tardieu A, Luzzati V (1969) The smectic phase
of lipid-water systems: Propertiesrelated to the nature of thelip-
id and to the presence of net electrical charges. Mol Cryst Liq
Cryst 8:285-291

Hauksson JB, Lindblom G, Rilfors L (1994) Structures of glucolip-
idsfrom themembrane of Acholeplasmalaidlawii strain A-EF22.
I. Glycerophosphoryldiglucosyldiacylglycerol and monoacylbis-
glycerophosphoryldiglucosyldiacylglycerol. Biochim Biophys
Acta 1214:124-130

Hauser H, Shipley GG (1984) Interactions of divalent cations
with phosphatidylserine bilayer membranes. Biochemistry 23:
34-41

Kahanel, Ne'eman Z, Razin S (1973) Divalent cationsin native and
reaggregated Mycoplasma membranes. JBacteriol 113: 666—671

Killian JA, Fabrie CHJP, Baart W, Morein S, de Kruijff B (1992) Ef-
fects of the temperature variation and phenethy! al cohol addition
on acyl chain order and lipid organization in Escherichia coli de-
rived membrane systems. A 2H- and 3!P-NMR study. Biochim
Biophys Acta 1105: 253-262

Killian JA, Koorengevel MC, Bouwstra JA, Gooris G, Dowhan W,
de Kruijff B (1994) Effect of divalent cations on lipid organiza-
tion of cardiolipin isolated from Escherichia coli strain AH930.
Biochim Biophys Acta 1189; 225—-232

Lindblom G (1996) Nuclear magnetic resonance spectroscopy and
lipid phase behaviour and lipid diffusion. In: Christie WW (ed)
Advances in lipid methodology, vol 3. The Oily Press Ltd.,
Dundee, Scotland, pp 133—-209

Lindblom G, Brentel |, Sjélund M, Wikander G, Wieslander A (1986)
Phase equilibria of membrane lipids from Acholeplasma laid-
lawii: Importance of a single lipid forming nonlamellar phases.
Biochemistry 25: 7502—7510

Lindblom G, Hauksson JB, Rilfors L, Bergenstahl B, Wieslander A,
Eriksson P-O (1993) Membrane lipid regulation in Acholeplas-
ma laidlawii grown with saturated fatty acids. Biosynthesis of a
triacylglucolipid forming reversed micelles. J Biol Chem
268:16198-16207

Lindblom G, RilforsL (1989) Cubic phases and isotropic structures
formed by membrane lipids — possible biological relevance.
Biochim Biophys Acta 988: 221—-256

Lindblom G, Rilfors L, Hauksson JB, Brentel |, Sjélund M,
Bergenstahl B (1991) Effect of head-group structure and coun-
terion condensation on phase equilibriain anionic phospholipid-
water systems studied by 2H, 2°Na, and 3P NMR and X-ray dif-
fraction. Biochemistry 30: 10938—-10948

Luzzati V, Husson F (1962) The structure of the liquid-crystalline
phases of lipid-water systems. J Cell Biol 12: 207—-219

Mariani P, Rivas E, Luzzati V, Delacroix H (1990) Polymorphism of
alipid extract from Pseudomonas fluorescens: Structure analy-
sis of ahexagonal phase and of anovel cubic phase of extinction
symbol Fd —. Biochemistry 29: 6799—-6810

Marsh D (1996) Lateral pressure in membranes. Biochim Biophys
Acta 1286:183-223

Moore DJ, Wyrwa M, Reboulleau CP, Mendelsohn R (1993) Quan-
titative IR studies of acyl chain conformational order in fatty
acid homogeneous membranesof livecellsof Acholeplasmalaid-
lawii B. Biochemistry 32: 6281 —-6287



Morein S, Andersson A-S, RilforsL, Lindblom G (1996) Wild-type
Escherichia coli cells regulate the membrane lipid composition
in a“window” between gel and non-lamellar structures. J Biol
Chem 271: 6801-6809

MorowitsHJ, Terry TM (1969) Characterisation of the plasmamem-
brane of Mycoplasma laidlawii V. Effects of selective removal
of protein and lipid. Biochim Biophys Acta 183: 276—-294

Niemi AR, RilforsL, Lindblom G (1995) Influence of monogluco-
syldiacylglycerol and monoacylmonoglucosyldiacylglycerol on
the lipid bilayer of the membrane from Acholeplasma laidlawii
strain A-EF 22. Biochim Biophys Acta 1239: 186—194

Oliver DB (1996) Periplasm. In: Neidhardt FC (ed) Escherichia
coli and Salmonella: cellular and molecular biology, 2nd edn,
vol 1. American Society of Microbiology, Washington, DC,

_ pp88-103

OsterbergF, RilforsL, Wieslander A, Lindblom G, Gruner SM (1995)
Lipid extracts from membranes of Acholeplasma laidlawii A
grown with different fatty acids have a nearly constant sponta-
neous curvature. Biochim Biophys Acta 1257: 18—24

Rance M, Jeffrey KR, Tulloch AP, Butler KW, Smith ICP (1980)
Orientational order of unsaturated lipids in the membrane of
Acholeplasma laidlawii as observed by ?H-NMR. Biochim Bi-
ophys Acta 600: 245—262

Rance M, Smith ICP, Jarrell HC (1983) The effect of headgroup class
on the conformation of membrane lipids in Acholeplasma laid-
lawii: A ?H-NMR study. Chem Phys Lipids 32: 57—71

Ranck JL, Letellier L, Shechter E, Krop B, Pernot P, Tardieu A
(1984) X-ray analysis of the kinetics of Escherichia coli
lipid and membrane structural transitions. Biochemistry 23:
4955-4961

Rand RP, Sengupta S (1972) Cardiolipin forms hexagonal structures
with divalent cations. Biochim Biophys Acta 255: 484 —492

Razin S, Rottem S (1976) Techniques for the manipulation of my-
coplasma membranes. In: Maddy AH (ed) Biochemical analysis
of membranes. ChaApman and Hall, London, pp 3—26

RilforsL, Wieslander A, Stéhl S (1978) Lipid and protein composi-
tion of membranes of Bacillus megaterium variants in the tem-
perature range 5 to 70°C. J Bacteriol 135: 1043-1052

Rilfors L, Hauksson JB, Lindblom G (1994) Regulation and phase
equilibria of membrane lipids from Bacillus megaterium and
Acholeplasma laidlawii strain A containing methyl-branched
acyl chains. Biochemistry 33:6110—-6120

Rilfors L, Lindblom G, Wieslander A, Christiansson A (1984) Lip-
id bilayer stability in biological membranes. In. Kates M, Man-
son LA (eds) Biomembranes, vol 12: Membranefluidity. Plenum
Press, New York, pp 205-245

RivasE, Luzzati V (1969) Polymorphismedes|ipidespolaireset des
galacto-lipidesdechloroplastesdemais, en présenced’ eau. JMol
Biol 41.:261-275

493

Seddon JM (1990) Structure of the inverted hexagonal (H,,) phase,
and non-lamellar phase transitions of lipids. Biochim Biophys
Acta 1031:1-69

Seelig J, Seelig A (1980) Lipid conformation in model membranes
and biological membranes. Q Rev Biophys 13: 19-41

Siegel DP (19864a) Inverted micellar intermediates and the transi-
tions between lamellar, cubic, and inverted hexagonal lipid phas-
es. II. Implications for membrane-membrane interactions and
membrane fusion. Biophys J49: 11711183

Siegel DP (1986b) Inverted micellar intermediates and the transi-
tions between lamellar, cubic, and inverted hexagonal lipid phas-
es. |. Mechanism of the L, to H,, phase transitions. Biophys J
49:1155-1170

Silvius JR, Mak N, McElhaney RN (1980) Lipid and protein com-
position and thermotropic lipid phasetransitionsin fatty acid-ho-
mogeneous membranes of Acholeplasma laidlawii B. Biochim
Biophys Acta 597: 199-215

Smaal EB, Romijn D, Geurts van Kessel WSM, de Kruijff B,
de Gier J (1985) Isolation and purification of cardiolipin from
beef heart. J Lipid Res 26: 634—637

Sternin E (1982) M Sci Thesis, University British Columbia, Van-
couver BC Canada

Sternin E, Bloom M, MacKay AL (1983) De-pakeing of NMR spec-
tra. JMagn Res 55: 274—-282

Thurmond RL, Lindblom G (1997) Deuterium and pulsed field gra-
dient NMR studies of membrane lipid properties. In: Epand RM
(ed) Current topicsin membranes. Academic Press, Inc., San Die-
go, Calif (in press)

Tulloch AP (1977) Preparation of specifically dideuterated octadec-
anoates and oxooctadecanoates. Lipids 12: 92—-98

Verkleij AJ, De Kruijff B, Ververgaert PHJT, Tocanne JF, Van Dee-
nen LLM (1974) The influence of pH, Ca2* and protein on the
thermotropic behavior of the negatively charged phospholipid,
phosphatidylglycerol. Biochim Biophys Acta 339: 432—-437

Verkleij AJ, De Maagd R, Leunissen-Bijvelt J, De Kruijff B (1982)
Divalent cations and chloropromazine can induce non-bilayer
structures in phosphatidic acid containing model membranes.
Biochim Biophys Acta 684: 255—262

Wieslander A, Rilfors L (1977) Qualitative and quantitative varia-
tions of membrane lipid species in Acholeplasma laidlawii A.
Biochim Biophys Acta 466: 336—346

Wieslander A, Christiansson A, Rilfors L, Lindolom G (1980) Lip-
id bilayer stability in membranes. Regulation of lipid composi-
tion in Acholeplasma laidlawii as governed by molecular shape.
Biochemistry 19: 3650—3655

Wieslander A, Nordstrom S, Dahlqvist A, Rilfors L, Lindblom G
(1995) Membrane lipid composition and cell size in Acholeplas-
ma laidlawii strain A are strongly influenced by lipid acyl chain
length. Eur JBiochem 227: 734—744



