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Abstract

Cardiolipin preparations from Streptococcus B, Listeria welshimeri, Staphylococcus aureus, and a glucosyl and lysyl
derivative of cardiolipin were analysed for fatty acid composition and fatty acid combinations. Three different fatty acid
patterns are described and up to 17 molecular species were identified in Streptococcus B lipids by high resolution FAB MS.
The physicochemical properties of these lipids were characterised in the sodium salt form by monofilm experiments and
X-ray powder diffraction. All lipids formed stable monofilms. The minimal space requirement of unsubstituted cardiolipin
was dictated by the fatty acid pattern. Substitution with L-lysine led to a decrease of the molecular area, substitution with
D-glucopyranosyl to an increase. On self assembly at 100% relative humidity, all preparations adopted lamellar structures.
They showed a high degree of order, in spite of the heterogeneous fatty acid compositions and numerous fatty acid
combinations. The repeat distances in lamellar fluid phase varied between 4.99 and 5.52 nm, the bilayer thickness between
3.70 and 4.46 nm. Surprising were the low values of sorbed water per molecule of the glucosyl and lysyl derivatives which
were 58 and 60%, compared with those of the respective cardiolipin. When Na* was replaced as counterion by Ba*, the
bilayer structure was retained, but the lipids were in the lamellar gel phase and the fatty acids were tilted between 32 and 53°
away from the bilayer normal. Wide angle X-ray diffraction studies and electron density profiles are also reported. Particular
properties of glucosyl cardiolipin are discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cardiolipin (bisphosphatidylglycerol), an anionic
teraacylphospholipid, is in the eucaryotic cell almost
exclusively confined to the inner mitochondrial mem-
brane [1,2] and occurs in the cytoplasmic membrane
of Gram-positive and Gram-negative bacteria [2-4].
The concentration in the membrane of Gram-posi-
tive bacteria varies from a few mole percent during
exponential growth in Staphylococcus aureus [5] to 59
mol% in streptococci [2]. It increases in S. aureus at
the cost of phosphatidylglycerol under the conditions
of ATP deprivation [5], postexponential growth [6],
growth on high salt concentration [7], and autoplast
formation [8]. Since the backbone glycerol of cardi-
olipin is more rigid than the headgroups of other
phospholipids [9], the conversion of phosphatidylgly-
cerol to cardiolipin under the aforementioned condi-
tions may increase the order and presumably the
stability of the membrane.

Due to the relative small headgroup in comparison
to the total hydrocarbon chain volume, cardiolipin is
particularly prone to polymorphic phase behaviour.
Although the lamellar arrangement is thought to pre-
dominate in biological membranes, the inverted hex-
agonal Hjj structure can in vitro be readily induced
by addition of divalent cations [10], by pH titration
or by increasing the monovalent ion concentration
[11,12].

Intramolecular hydrogen bonds between the hy-
droxy group of the glycerol unit and the oxygen at
the neighbouring phosphate groups have been re-
ported [13,14]. The authors discussed the possibility
that these hydrogen bonds might be involved in the
migration of protons along the membrane surface
which is the central part of the ‘localised’ theory of
energy transfer between proton pumping by the res-
piratory chain and proton utilisation by ATPase [15—
18]. Alterations of cardiolipin at the hydroxy group
of the glycerol unit should change the biophysical
and structural properties of the molecule, i.e. sup-
pression of intramolecular hydrogen bonding and al-
terations of the polymorphisms. Actually, the syn-
thetic 2’-deoxy analogue lost the ability of
intramolecular hydrogen bonding [13,14] and semi-
synthetic acylcardiolipin spontaneously adopted the
hexagonal phase with the additional fatty acid pre-
venting the conversion to the lamellar phase [12].

Except a-p-glucopyranosylcardiolipin, naturally
occurring substituted cardiolipins have not been re-
ported. It is noteworthy that glucosylcardiolipin was
found in the four strains of group B streptococci
studied [19]. It amounts to 8 mol% of membrane
lipids and contributes 19% to the lipid phosphorus.
Recently discovered representatives of this new lipid
class are p-alanylcardiolipin [20] and L-lysylcardioli-
pin [21]. p-Alanylcardiolipin is a characteristic mem-
brane lipid of Vagococcus fluvialis where it contrib-
utes 11 and 26 mol% to exponential and stationary
growth phase membrane lipids [20]. L-Lysylcardioli-
pin was discovered in the four Listeria species tested
[21]. Along with cardiolipin it is a typical late expo-
nential growth phase lipid and contributes at this
stage more than 40% to the membrane lipid phos-
phorus.

In this communication, we report on FAB MS,
monofilm and X-ray powder diffraction studies of
o-D-glucopyranosyl- and L-lysylcardiolipin isolated
from group B Streptococcus and Listeria welshimeri,
respectively. The unsubstituted cardiolipins of the
same bacteria and the cardiolipin of S. aureus were
included in order to evaluate the influence of the
substituents on the physical properties. To the best
of our knowledge, the physical properties of cardio-
lipin of Gram-positive bacteria have not been studied
so far.

2. Materials and methods
2.1. Preparation of lipids

Total membrane lipids were extracted from group
B Streptococcus Kiel 090 [19,22], S. aureus DSM
20233 [5,23] and L. welshimeri SLCC 5334" [21].
Crude lipids were separated, individual lipids purified
and structurally characterised as described in the
references given. Molecular species of different fatty
acid combinations were identified by negative ion
FAB MS ([24] and this report). The molecular
weight, given in Tables 1 and 2, are those of the
predominant molecular species. Purified cardiolipins
and their derivatives were first converted to the acid
form by passing them in CHCl3/MeOH (1:2, v/v)
through small columns (Pasteur pipettes) of cation
exchange resin, H*, prewashed with the same solvent
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mixture. Conversion into the sodium salt form was
achieved by addition of one fourth volume of 0.2 M
NaCl containing 10 mM NaHCO;. The mixture was
shaken vigorously (20 min) and then centrifuged for
phase separation. The lower CHCIl; layer was
washed several times with quartz-distilled water. Ba-
rium salts were prepared in the same way, except
that NaCl/NaHCO; was replaced by 0.1 M BaCl,
containing 1 mM Ba(OH),.

2.2. FAB MS

The fast atom bombardment mass spectrometry
(FAB MS) analyses were carried out on a VG-
ZAB-T four sector instrument (Fisons Instruments,
Manchester, UK). For atom bombardment cesium
was used and the applied acceleration voltage was
8 kV. A mixture of thioglycerol (tgl) and M-nitro-
benzylalcohol (mNBA) (1:1, v/v) was used as matrix.
The samples were dissolved (5 mM) in chloroform/
methanol (2:1, v/v) and 1 ul of a sample solution was
added to the matrix. Negative ions (FAB(—)) were
detected after the first electrostatic analyser on the
second photomultiplier point detector. The spectra
were run in a mass range from 100 to 2000 atom
mass units (amu) with a scan rate of 8 s per decade
and up to 20 scans were accumulated. For data ac-
quisition and data processing the Opus V3.1X soft-
ware was used.

2.3. Monofilm measurements

Cardiolipin of S. aureus was dissolved in chloro-
form/propanol (3.4:1, v/v), o-D-glucosyl-cardiolipin
of Streptococcus B in chloroform/propanol (3:1, v/
v). Cardiolipin and L-lysyl-cardiolipin of L. welshi-
meri and cardiolipin of Streptococcus B were dis-
solved in chloroform. All solvents used were of ana-
lytical grade (Merck, Darmstadt, Germany).
Monofilms were prepared by spreading the lipid so-
lution in organic solvent with a syringe on the aque-
ous subphase containing 0.01 M NaCl. The water
used was tridistilled in a quartz apparatus. The areas
of the monofilms were measured at a round trough
[25] at 20°C on compression at a speed of 0.08-0.1
nm?/min.

2.4. X-ray powder diffraction measurements

Small droplets of the solutions of cardiolipin of
S. aureus, Streptococcus B and L. welshimeri, L-lysyl-
cardiolipin of L. welshimeri and o-D-glucosylcardio-
lipin of Streptococcus B were placed on pieces of Si-
wafers (Wacker Chemitronic, Burghausen, Germany)
to cover an area of about 5X5 mm.

The samples were dried on air to give random
numbers of lipid layers along the wafer surface.
The dried samples were placed in a thermostated
and sealed chamber mounted on a Philips X-ray
powder diffractometer PW 3020 (Philips, Eindhoven,
Netherlands), which was run with Ni-filtered Cu K,
radiation at 20 mA/30 kV. Measurements were done
in the 6-20 mode (Bragg—Brentano) with step width
of 0.02° 26. The sampling time varied between 1 and
10 s per step. Scattered intensity was collected with a
proportional counter.

Samples were first measured on air in the open
chamber at 25°C at relative humidity of 60 % 3%.
Then a small bowl with water was placed into the
chamber, the chamber was sealed and the samples
were rehydrated at 25°C at 100% relative humidity
within 36 h and measured again.

Numbers of oriented multilayers of cardiolipin of
S. aureus on solid supports (glass slides) were ob-
tained by the Langmuir—Blodgett technique. Multi-
layers were placed on hydrophilic glass slides cleaned
with ethanol by moving the glass slide vertically up
and down through a monofilm at a speed of 6 mm/
min. The monofilm was spread on an aqueous sub-
phase and compressed to 36 mN/m. Up to 16 bi-
layers were transferred. The samples were dried on
air, placed on the X-ray powder diffractometer and
measured as before, but on air only.

For measurement of wide angle pattern of the
packing of the alkyl chains, small portions of dried
samples were placed into glass capillaries (diameter
1 mm) and hydrated for at least 36 h in a desiccator
at 100% relative humidity. Capillaries were sealed
and placed in the X-ray beam of an open pinhole
camera operated with Ni-filtered Cu K, radiation
at 30 mA/40 kV. Scattered intensity was collected
by a linear position sensitive detector (MBraun, Mu-
nich, Germany).
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Table 1
Molar mass and fatty acid composition of cardiolipin of S. aureus (A); and cardiolipin (B) and lysylcardiolipin (C) from L. welshimeri
[21,23,28]
Lipid Mass?* (Da) Fatty acid (mol%)® n®
12:0 14i 14.0 15i 15ai 15:0 161 16:0 17i 17ai 17:0 18:0 18:1 19:0 20:0 20:1
A 1404 - 3.1 117 40 119 25 13 156 07 13 14 116 1.1 43 287 038 16.9
B 1352 1.2 - 1.6 114 542 - 20 34 42 226 - 05 - - - - 14.8
C 1480 .1 - 26 102 489 - 21 73 38 213 - 25 - - - - 14.7

4Molar mass of the free acid form of the predominant molecular species [24].
b Abbreviation of fatty acids: e.g. 15i, iso-branched C;s (13-methyl-tetradecanoic acid); 15ai, anteiso-branched C;s (12-methyl-tetrade-

canoic acid); for 18:0, 18:1, etc., see Table 2.

°n, Average chain length of fatty acids (number of carbon atoms of unbranched chains).

2.5. Sorption measurements

The amount of water sorbed by the cardiolipins
investigated was measured gravimetrically with a mi-
crobalance system (Sartorius, Gottingen, Germany)
between 0 and 100% relative humidity at 25°C. Pow-
dered samples were dried in a stream of dry nitrogen
and then subsequently rehydrated by blowing nitro-
gen gas of definite humidity through the weight cell
[26,27].

3. Results and discussion

3.1. Lipids, fatty acid composition and molecular
species

The structures of o-D-glucopyranosylcardiolipin
and L-lysylcardiolipin are depicted in Fig. 1. Struc-
tural analyses, including the cardiolipin from the
same bacteria, have been described in detail [19,21-
23]. In Tables 1 and 2, the fatty acid compositions
are listed. They represent three patterns characteristic
of Gram-positive bacteria: (1) straight-chain satu-
rated fatty acids and smaller amounts of iso- and

anteiso-branched fatty acids in S. aureus [23,28];
(2) more than 90% iso- and anteiso-branched fatty
acids in Listeria [21]; and (3) straight-chain fatty
acids, saturated and cis-monounsaturated in Strepto-
coccus B [19,22]. The average chain length of Listeria
fatty acids is by two C-atoms shorter than in S.
aureus and group B Streptococcus lipids. As shown
in Fig. 2, in the lipids of group B Streptococcus
short-chain and unsaturated fatty acids are mostly
linked to position 2 of the glycerol moieties. In
S. aureus [23,28] and Listeria lipids [29], the short-
er-chain species also occupy predominantly position
2. This distribution pattern is noteworthy because
the sn-2-fatty acids extend parallel to the plane of
the bilayer for their first two carbon atoms and
from the third carbon into the bilayer, whereas the
sn-1-fatty acids extend into the bilayer in full length.
In this way, the difference in chain length on the two
positions of the glycerol moieties is exaggerated and
thus the interdigitation in the methylgroup region
enhanced.

Since cardiolipin contains four fatty acids per mol-
ecule, a number of fatty acid combinations are pos-
sible. The combinations can be elucidated by positive
or negative ion FAB MS [24]. In Listeria cardiolipin

Flf/?(t)ll;rzmass and fatty acid composition of cardiolipin and glucosylcardiolipin from Streptococcus group B

Lipid Mass?* (Da) Fatty acid (mol%)>® n¢
12:0 14:0 14:1 16:0 16:1 18:0 18:1 19cy

Cardiolipin 1404 2.0 3.6 0.6 32.7 14.0 17.4 26.3 3.2 16.8

Glc-cardiolipin 1566 0.9 3.8 1.0 32.8 16.4 16.4 25.2 3.2 16.7

4Molar mass of the free acid form of the predominant molecular species (Table 3).
Y Abbreviation of fatty acids: 18:0, octadecanoic acid; 18:1, All-cis-octadecenoic acid; 19cy, cis-11,12-methylenoctadecanoic acid.

°n, Average chain length of fatty acids (number of carbon atoms).
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Fig. 1. Structure of o-p-glucopyranosylcardiolipin of Streptococcus B and L-lysylcardiolipin of L. welshimeri
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Fig. 2. Distribution of the constituent fatty acids of Streptococ-
cus B cardiolipin and glucosylcardiolipin between the two posi-
tions of the glycerol moieties [22]. Fatty acids (1-8): 12:0, 14:0,
14:1, 16:0, 16:1, 18:0, 18:1, 19cy (for abbreviations of fatty
acids, see Tables 1 and 2).

and lysylcardiolipin ([24] and G. Pohlentz and W.
Fischer, unpublished data) seven molecular species
of different fatty acid combinations were identified,
whereby iso- and anteiso-fatty acids were not discri-
minated. As shown in Table 3, cardiolipin and glu-
cosylcardiolipin of Streptococcus B displayed, respec-
tively, 17 and 14 fatty acid combinations.
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Fig. 3. Isotherms of monofilms of the compounds indicated on
the figure. For experimental details see text.
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Table 3

Molecular ions in negative ion FAB MS of group B Streptococcus cardiolipin and glucosyl cardiolipin

Fatty acid combination Cardiolipin

Glucosylcardiolipin

Mass (Da)  [M-H']” m/z  [M-2H*+Na*]” m/z Mass (Da)  [M-H*]" m/z  [M-2H*+Na*]~ m/z

18/18/18/18 Al 1462 n.d. 1483 1624 n.d. n.d.
18/18/18/18 A2 1460 n.d. n.d. 1622 1621 1643
19/18/18/16 Al 1446 n.d. 1467 1608 n.d. 1629
18/18/18/16 A2 1432 1431 1453 1594 1593 1615
18/18/18/16 A3 1430 n.d. 1451 1592 n.d. n.d.
19/18/16/16 Al 1418 1417 1439 1580 n.d. n.d.
18/18/16/16 A2 1404 1403%** 1425%* 1566 1565%* 1587*
18/18/16/16 A3 1402 n.d. 1423 1564 1563 1585
19/16/16/16 Al 1390 n.d. 1411 1552 n.d. n.d.
18/16/16/16 A2 1376 1375* 1397* 1538 1537* 1559%*
18/16/16/16 A3 1374 n.d. 1395 1536 1535 1557
16/16/16/16 Al 1350 1349 1371 1512 1511 n.d.
16/16/16/16 A2 1348 1347 1369 1510 1509 1531
16/16/16/16 A3 1346 1345 1367 1508 n.d. n.d.
16/16/16/14 Al 1322 1321 1343 1484 1483 1505
16/16/16/14 A2 1320 n.d. 1341 1482 1481 1503
16/16/16/14 A3 1318 n.d. 1339 1480 n.d. n.d.
16/16/14/14 1296 n.d. 1317 1458 n.d. 1479
16/16/14/14 Al 1294 n.d. 1315 1456 1455 1477
16/16/14/14 A2 1292 n.d. 1313 1454 1453 1475
16/16/14/14 A3 1290 n.d. n.d. 1452 1451 1473

Fatty acids are given by their numbers of carbon atoms; 19 stands for 11,12-cis-methylenoctodecanoic acid. A denotes the number of
cis-monoenic acids; their assignment to Cjg or Cj¢ would be arbitrary. The most and the next abundant species are marked by two
and one asterisk, respectively. In the species 1296-1292 and 1458-1454, the combination 16/14 may be replaced by 18/12. n.d., not de-

tected.

Noteworthy are molecular species that contain three
unsaturated fatty acids and, consistent with this ob-
servation, species with two unsaturated fatty acids
among the phosphatidyl fragments were found (Ta-
ble 4).

Table 4
Fatty acid composition of phosphatidyl ions formed from glu-
cosylcardiolipin on negative ion FAB MS

mlz Fatty acids mlz Fatty acids

715 19/18 659 19/14

713 19/18 Al 657 19/14 Al

701 18/18 Al 645* 18/14 A1, 16/16 Al
699 18/18 A2 643 18/14 A2, 16/16 A2
687 19/16 631 19/12

685 19/16 Al 629 19/12 Al

673%* 18/16 A1** 619 18/12, 16/14

671 18/16 A2 617 18/12 Al, 16/14 Al

For fatty acids, A, and asterisks, see Table 3.

3.2. Monofilm measurements

As shown in Fig. 3, the three cardiolipin prepara-
tions and the lysyl and glucosyl derivatives formed
stable monolayers up to collapse pressures between
40 and 50 mN/m. In contrast to the isotherms of
synthetic phospholipids carrying single saturated
fatty acid species [30,31], in our experiments, no dis-
tinct phase transition was observed. This is charac-
teristic for natural lipid isolates, in which the various
molecular species apparently merge into a continu-
ous phase transition.

If one compares the minimal molecular areas of
the three cardiolipin preparations (Table 5), one
may conclude that their size is determined by the
fatty acid composition (Tables 1 and 2). Measuring
1.02 nm?, it is smallest for S. aureus cardiolipin
which contains 76% saturated straight-chain and
24% branched fatty acids. An increase to 1.13 nm?
was found for L. welshimeri cardiolipin containing
more than 90% saturated iso- and anteiso-branched
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fatty acids, and the highest space requirement was
observed for Streptococcus B cardiolipin in which
45% of the straight-chain fatty acids are cis-mono-
unsaturated. Obviously, cis-monounsaturated alkyl
chains require more space than branched alkyl chains
(Fig. 1). The double bonds, which are located near
the middle of the chain, cause by a kink in the con-
formation a less dense packing of the alkyl chains.
By contrast, the methyl branches are located near the
w-end of the chain and disturb the alkyl chain pack-
ing less.

As shown in Tables 1 and 2, L-lysylcardiolipin and
D-glucopyranosylcardiolipin have an almost identical
fatty acid composition as the cardiolipin from the
same bacterium. The reduced molecular area of ly-
sylcardiolipin therefore suggests that the two-fold
positively charged lysyl-residue exerts a condensing
effect by charge compensation, whereby it is not
yet clear whether one or both amino groups of the
lysine moiety are involved. The bulky glucosyl resi-
due increases the space requirement of the headgroup
by its size and possibly also by causing a tilt of the
fatty acids towards the air—water interface.

3.3. Small angle X-ray diffraction

The X-ray powder diffraction patterns of bacterial
cardiolipins and their derivatives in the sodium salt
form are shown in Figs. 4-6. The repeat distances (d)
derived from X-ray diffraction are listed in Table 6
and will be discussed below along with the bilayer
and water layer thickness.

Recorded at 100% relative humidity, the small an-
gle diffraction patterns of all lipids indicated lamellar
structures. A high degree of lamellar order can be
deduced from the halfwidth between 0.06 and 0.08°
20 for the first order reflections.

Cardiolipin

LB S. aureus

100 % RH

100

500

*30

100

60 % RH

LB

200

300

*20

F 400

L

1 2 3

5 6 8 9 10
26(%)

Fig. 4. X-ray powder diffractogram of cardiolipin of S. aureus,
Na-salt form, at 100% (top) and at 60% (bottom) relative hu-
midity. Orders of Bragg reflections are indicated by the figures.
*30, *20 are enlargement factors.

S. aureus and Streptococcus B cardiolipin clearly
showed two lamellar periodicities (Figs. 4 and 6),
indicating the coexistence of lamellar gel and fluid
phase (LB,La). The LB phase was predominating in
S. aureus cardiolipin, the Lo phase in that of group
B Streptococcus. The phase assignments were also
proven by wide-angle X-ray diffraction as shown be-
low. With L. welshimeri cardiolipin only the fluid La
phase was observed (Figs. 5 and 6). This is also true
for most of lysylcardiolipin where a shoulder in the
diffracted peaks suggests a minor species in the Lf
phase (Fig. 5). The observed phase separation may
have occurred on drying the lipids for analysis due to

Table 5
Molecular areas (nm?) of the various cardiolipins at increasing lateral pressure, derived from Fig. 1
Lipid 10 mN/m 20 mN/m 40 mN/m
Cardiolipin
S. aureus 1.63+0.03 1.35+0.02 1.02+0.02
L. welshimeri 1.56 £0.02 1.35£0.01 1.13£0.01
Streptococcus B 1.85+0.04 1.56+0.02 1.20+0.05
Lysylcardiolipin 1.42+0.03 1.27+0.03 1.09+£0.03
Glc-cardiolipin 1.99+£0.05 1.69+0.05 1.34 +0.04*

aMeasured at 38 mN/m.
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Fig. 5. X-ray powder diffractogram of (a) cardiolipin and (b) lysylcardiolipin of L. welshimeri, Na-salt form, at 100% (top) and at
60% (bottom) relative humidity. Orders of Bragg reflections are indicated by the figures. *3, *10 and *30 are enlargement factors.

the presence of molecular species enriched in long
chain saturated fatty acids. Noteworthy in this con-
text is the high content of eicosanoate (20:0) in
S. aureus cardiolipin (Table 1). In the L. welshimeri
lipids, the less heterogenous fatty acid pattern (Table
1; [24]) may have prevented the formation of two
separate phases.

The lower panels in Figs. 4-6 show the diffraction
patterns of the sodium salt forms at 60% relative
humidity. Under this condition, S. aureus and Strep-
tococcus B cardiolipin completely changed into the
LP phase (Figs. 4 and 6), whereas L. welshimeri car-
diolipin and lysylcardiolipin remained in the fluid
state (Fig. 5). The diffraction pattern of glucosylcar-
diolipin at reduced hydration appears complex (Fig.
6). The pattern fitted best the cubic phase Pn3m
[32,33] as shown in Fig. 7. A possible explanation
of this deviant behaviour is given below.

When the barium salt forms were analysed at
100% relative humidity, the three lipids tested re-
tained bilayer structures of high order, but com-
pletely changed into the lamellar gel phase (Table

6). The barium-induced rigidification of the bilayer
was confirmed by wide angle X-ray diffraction (see
below).

Fig. 8 depicts the diffractogram of Langmuir—
Blodgett multilayer which was prepared from mono-
layers of S. aureus cardiolipin, sodium salt, as de-
scribed in Section 2. These multilayers also displayed
a high degree of lamellar order and showed in addi-
tion an exceptionally low layer roughness, as indi-
cated by the well-resolved Kiessig fringes.

3.4. Wide angle X-ray diffraction

Wide angle X-ray diffraction patterns, recorded at
100% relative humidity, are collected in Fig. 9. The
peak position was localised by fitting a gaussian
curve to the peak profiles. The diffraction pattern
of the Na-salt forms show low signal-to-noise ratios.
The reflection at d=0.441 nm is characteristic for
melted alkyl chains in Lo-phase [32,34,35], the reflec-
tion at 0.429 nm is consistent with the LB phase
which had been identified by small angle X-ray dif-
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Fig. 6. X-ray powder diffractogram of (a) cardiolipin and (b) glucosylcardiolipin of Streptococcus B, Na-salt form, at 100% (top) and
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tors.

fraction in Streptococcus B cardiolipin in addition to
the Lo phase (Fig. 6).

The barium salt form of S. aureus and Streptococ-
cus B cardiolipin and glucosylcardiolipin showed re-
flections between d=0.417 nm and d=0.429 nm cor-
responding to distances between adjacent alkyl
chains from 0.482 to 0.495 nm. These values clearly
confirm the LB phase [32,34,35] that had been iden-
tified by small angle reflections. Under these condi-
tions, the saturated fatty acids of S. aureus cardioli-
pin also packed more tightly and displayed a smaller
cross section area than the monounsaturated chains
of Streptococcus B lipids (Table 7).

3.5. Water sorption

The water sorption was determined as depicted in
Fig. 10. The sorption isotherms are similar to those
reported earlier [36,37]. R, values, taken from the
diagrams at 100 and 60% relative humidity, are given

in Table 6 and will be discussed below together with
the other quantities.

3.6. Bilayer characterisation

Bilayers were characterised by repeat distances (d),
surface area per lipid molecule (S), lipid bilayer
thickness (d;), and water layer thickness (dm,0).
The results are listed in Table 6. The equations to
calculate these quantities are given in the appendix at
the end of the text.

In section Ia of Table 6, the diffraction pattern of
the sodium salts were recorded at 100% relative hu-
midity. Under these conditions, the repeat distances
of La phase cardiolipin bilayers varied between 5.25
and 5.52 nm; the contribution of the water layer to
this distance was approximately 25% (100-du,0/d).
The surface areas were in the range between 1.08
and 1.26 nm?. For Lo phase of bovine heart cardio-
lipin, a lipid surface area of 1.42 nm? was reported
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Table 6
Bilayer characterization
Lipid, salt form d (nm) Phase S (nm?) Ry di (nm) du,o (nm) dw,old
(Ia) Sodium salt, 100% RH
Cardiolipin
S. aureus 5.52+0.08 Lo 1.11£0.04 4.20 1.32 0.24
6.1840.03 LB - }2501’0-5 - - -
L. welshimeri 5.31+0.02 Lo 1.08 £0.01 20.8+£0.4 4.16 1.15 0.22
Streptococcus B 5.25%£0.03 La 1.26 +0.04 3.70 1.55 0.28
5.92+0.03 LB - }328 0.7 - - -
Lysylcardiolipin 5.12+0.03 Lo 1.10£0.02 12.4£0.3 4.46 0.66 0.13
Glc-cardiolipin 4.99%0.20 Lo 1.27£0.05 19.2+04 4.09 0.90 0.18
(Ib) Sodium salt, 60% RH
Cardiolipin
S. aureus 6.18+£0.03 LB 0.83+£0.05 8.8+04 5.61 0.57 0.10
L. welshimeri 4.99+0.03 Lo 0.97+0.05 5.8+0.3 4.62 0.37 0.08
Streptococcus B 4.65%0.03 L o? - - - -
5.58+0.10 LB 0.88 % 0.05 }4~6i0~4 5.29 0.29 0.05
Lysylcardiolipin 4.85%0.03 Lo 1.04£0.05 2.0£0.3 4.72 0.13 0.03
Gle-cardiolipin 10.15%£0.10 cub. - 45104 - - -
(II) Barium salt, 100% RH
Cardiolipin
S. aureus 5.84+0.03 LB 0.88£0.05 8.0+04 5.29 0.55 0.09
Streptococcus B 5.57+0.03 LB 0.98 £0.06 14.0+04 4.75 0.82 0.14
Glc-cardiolipin 5.30+0.20 LB 1.26£0.05 25.4+£0.6 4.13 1.17 0.22

Repeat distances (d), surface area per lipid molecule (S), water molecules sorbed (Ry), lipid bilayer thickness (d}), and water layer
thickness (du,0). In mixed phases, Ry, of Lo and LB could not be determined separately. Powdered X-ray diffractions and sorbed
water were measured at 25°C and 100% (Ia, II), respectively 60% relative humidity (Ib). For molar masses, see Tables 1 and 2.

4Minor fraction (see Fig. 6).

[11], but this high value may be ascribed to the con-
tent of 70% of the more space-requiring octadidece-
noic acid in the mitochondrial cardiolipins. In Strep-
tococcus B cardiolipin, the effect of unsaturated fatty
acids became apparent in an increased surface area
combined with a lower thickness of the lipid layer
which, in spite of the slightly increased water layer
thickness, led to the smallest repeat distance ob-
served here.

Compared with the unsubstituted counterparts, ly-
syl and glucosylcardiolipin showed a similar surface
area, but, apparently due to the substituent, a larger
lipid layer thickness. With both lipids, the amount of
sorbed water was significantly reduced and the de-
creased water layer thickness calculated therefrom
appears to be the main reason for the observed di-
minished repeat distances. The large surface area and
the relatively small lipid layer thickness also reflected

the presence of unsaturated fatty acids for glucosyl-
cardiolipin.

In the case of lysylcardiolipin, electrostatic inter-
action between opposite membrane surfaces and pos-
sibly the hydrophobic methylene groups of the lysyl
residues may contribute to the reduced water-binding
capacity. The diminished water-binding by glucosyl-
cardiolipin is less clear and requires further studies.
One is tempted to speculate that hydrogen bonds
between sugar residues and phosphate groups of op-
posite bilayer surfaces lead to lower water sorption
and diminished repeat distance. In view of the low
water sorption, it should also be pointed out that
hydrophobic interactions between the axial protons
of the pyranose rings of glycolipids have been ob-
served [38].

In section Ib of Table 6, the reduction of the rel-
ative humidity to 60% led to two significant changes:
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Fig. 7. Scattering angles of diffraction peaks of Fig. 6b (bot-
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the number of the absorbed water molecules was
drastically diminished and, as noted above, S. aureus
and Streptococcus B cardiolipin bilayers had virtually
completely adopted the lamellar gel phase. The re-
duced repeat distances in section Ib can be mostly
ascribed to the reduced water layer thickness. Com-
pared with the fluid phase in section Ia, the stretched
fatty acid conformation in the LB phase of S. aureus
and Streptococcus B cardiolipin bilayers is reflected
by an increase of the bilayer thickness accompanied
by a reduction of the lipid surface area. A slight
increase in the bilayer thickness was observed for
L. welshimeri cardiolipin and lysylcardiolipin, both
of which remained under reduced hydration in the
lamellar fluid phase.

The arrangement of glucosylcardiolipin in cubic
phase was mentioned above. In cubic phases, three-
dimensional lattice of inverted micelles or connected
inverted rods may form [32,33], which is usually the
case when the cross-sectional area of the headgroup
is smaller than the cross-sectional area of the hydro-

8
=
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C
2
€
: J
*50)
o ML....._/L -—
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Fig. 8. X-ray powder diffractogram of Langmuir-Blodgett mul-
tilayers of cardiolipin of S. aureus. *50 is enlargement factor.

phobic moiety. This principle cannot be applied to
glucosylcardiolipin without modification. We suggest
that under reduced hydration the hydrogen bonds
postulated above between sugar residues and phos-
phate groups of opposite bilayer surfaces may in-
crease in number and/or strength, thus urging the
lipid molecules to adopt the inverted supramolecular
structure. Inverted non-lamellar hexagonal structures
were observed in mixtures of POPC and non-ionic
surfactant under similar conditions at reduced hydra-
tion [39,40].

In section II of Table 6, Na't was replaced as
counterion by Ba’*, and X-ray reflections were re-
corded at 100% relative humidity as in section Ia.
The three lipids tested adopted the LP phase which
in the case of the two cardiolipin preparations was
also reflected by a reduced surface area and an in-
creased lipid layer thickness. In both preparations
the water layer thickness was drastically reduced,
suggesting that the barium phosphate groups are
less dissociated than the sodium salt forms. Also
here the glucosylcardiolipin behaved differently in

Table 7
Wide angle X-ray diffraction of cardiolipins and glucosylcardiolipin in Ba-salt form
Lipid dwaxs (nm) a (nm) S%, (nm?) @en (°)
Cardiolipin
S. aureus 0.417 +£0.005 0.482+0.005 0.201£0.004 327+1.0
Streptococcus B 0.429 £0.006 0.495£0.006 0.212£0.005 47.5%1.0
Glc-cardiolipin 0.424 +0.006 0.490 + 0.006 0.208 £ 0.005 51.6+1.5

dyaxs, d-spacing; a, lattice constant, distance between adjacent alkyl chains (a =[2//3]'dwaxs); Sech, cross-sections of alkyl chains; ¢, tilt

of alkyl chains.
aSch = dwaxs[Z/\/3]dwaxs~
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Fig. 9. Wide angle X-ray powder diffraction (100% relative humidity). Na-salt form (left), Ba-salt form (right). For peak location see

text.

so far as the sorption of water molecules and the
thickness of the water layer exceeded the values
measured for he sodium salt form (Table 6, section
Ia). An explanation might be that the large barium
ions and/or the less dissociated barium phosphate
groups prevented the above-postulated formation of
hydrogen bonds between opposite bilayer surfaces
thus enabling the sugar hydroxyls freely to interact
with water.

If one compares the LB phase of S. aureus and
Streptococcus B cardiolipin in section Ib with the
LB phase in section II, it becomes apparent that in
section II the lipid layer thickness was significantly
reduced. We ascribe this effect to the tilt of fatty
acids which, as shown in Table 7, were tilted 33°
and 47° away from the bilayer normal. Comparable
values have been reported for charged phospholipids
DPPG and DHPA [41,42].

The highest tilt was found for the fatty acids in the
glucosylcardiolipin bilayer. In this case, a diminished
lipid layer thickness becomes evident if one considers
that it was in the L3 phase (section II) practically the
same as in the Lo phase (section Ia). Also the surface
area remained nearly constant (Table 6).

3.7. Electron density profiles

Electron density profiles were calculated according
to [43]

p(x) =2 +taycos2rhx/d)

35+

30
Streptococcus B, Na-salt form

25

2 Glucosylcardiolipin
Cardiolipin

20 s

154

Rw/l

104

o 20 4 e 8 10
RH %
Fig. 10. Sorption isotherm of Streptococcus B cardiolipin and
glucosylcardiolipin (Na-salt form, 25°C). The relative humidity
was in a stream of nitrogen increased continuously over 20.7 h
and 31.9 h for cardiolipin and glucosylcardiolipin, respectively.
Equipment and procedure according to [26,27].
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The amplitudes of the cosine functions are
an =y(Iy h), were h is the order of the observed re-
flection; I, is the observed maximum of the intensity
of reflection / (Table 8) and d is the repeat distance.
The appropriate sign of a, has been chosen by trial
and error of possible electron density functions to fit
the Fourier transform of the profile at different hy-
dration states.

The electron density profiles obtained are shown in
Fig. 11. The low density trough at 0 nm corresponds
to the terminal methyl groups in the geometric centre
of the bilayer, the highest density peaks correspond
to the lipid headgroups, the medium density regions
between the methyl trough and the headgroups cor-
respond to the methylene chains [44,45]. The electron
density profiles of Listeria cardiolipin and lysylcar-
diolipin, Na* form, show a broad methyl trough and
a smooth, more-or-less continuous increase, consis-
tent with fluid hydrocarbon chains (cf. Fig. 5). The
location of the phosphate group is not influenced by
the lysyl substituent. Located at 1.92 nm above the
bilayer centre it differs only slightly from that of
cardiolipin at 1.88 nm.

In the electron density profile of the barium salts
of Streptococcus B cardiolipin and glucosylcardioli-
pin, the methyl trough was narrower and deeper, the
increase two-stepped and steeper (Fig. 11b) consis-
tent with the lamellar gel phase (Table 6). The glu-
cosyl substituent shifted the maximum from 1.80 to

Table 8
Measured relative intensities and amplitudes of cosine function
form at 100% relative humidity

cardiolipin .

% lysylcardiolipin

electron density (arb. units)

cardiolipin

electron density (arb. units)

cardiolipin

glucosylcardiolipin

electron density (arb. units)

-3.0 -2.0 -1.0 0 1.0 2.0 3.0
(nm)

Fig. 11. Electron density profiles of (a) cardiolipin and lysylcar-
diolipin of L. welshimeri, Na-salt form, (b) cardiolipin and glu-
cosylcardiolipin of Streptococcus B, Ba-salt form, and (c)
Na-salt form at 100% relative humidity, respectively.

an of observed orders of diffraction of cardiolipins, Na and Ba-salt

Lipid Relative intensity and ay
d (nm) h=1 h=2 h=3 h=4 h=5
Int. ay Int. an Int. an Int. ayp Int. ay

Sodium salt
Cardiolipin

Streptococcus B 5.25 100 —10 1.9 =20 0.7 +14 - - - -

L. welshimeri 5.31 100 —10 64 =36 94 +53 25 =32 - -
Lysylcardiolipin 5.12 100 —10 0.7 -—-12 0.6 +1.3 02 —09 - -
Glc-cardiolipin 4.99 100 —10 9.6 —44 1.0 +1.7 - - - -
Barium salt
Cardiolipin

Streptococcus B 5.25 100 —10 229 —6.7 179 +7.3 0.8 —1.8 24 34

Glc-cardiolipin 4.99 100 —10 28 23 0.7 +33 2.1 =29 - -
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1.98 nm. The electron density profiles of the sodium
salts of these two lipids are depicted in Fig. 11c. The
profiles along the hydrocarbon chains are consistent
with the fluid state (cf. Fig. 6). Whereas the head-
group of cardiolipin was located at 1.98 nm above
the bilayer centre, that of the glucosyl derivative was
with 1.68 nm drastically reduced. We have no ex-
planation for this deviant behaviour. We believe,
however, that it signalises an unusual orientation of
the glucosyl substituted headgroup which might play
a role in the reduced hydration and the diminished
repeat distance reported above.

4. Conclusions

The three cardiolipin preparations as well as the
lysyl- and glucosyl-derivative isolated from Gram-
positive bacteria displayed different fatty acid pat-
terns and were composed of numerous species differ-
ing in fatty acid combinations. In spite of these het-
erogeneities, all lipids investigated formed stable
monolayers and spontaneously adopted bilayer
structures of a high degree of order. The fatty acid
mixtures of the individual lipids are responsible for
the continuous fluid-to-gel phase transition in the
monofilm experiments and in some cases the ob-
served coexistence of lamellar gel and fluid phase.
The surface areas of the cardiolipin preparations,
determined in the monolayer experiment near the
collapse pressure and measured in the bilayer struc-
tures at 100% relative humidity, showed a fairly good
agreement and were essentially determined by the
fatty acid composition. It is noteworthy that for bi-
layer arrangements a lateral pressure of 30-35 mN/m
has been reported [46].

In the monolayer experiment, the lysyl substituent
exerted a condensing effect, whereas the glucosyl sub-
stituent led to an increase of the surface area. These
effects were not seen in the bilayer structures. In-
stead, both substituents caused a decreased water
sorption per lipid molecule and a diminished repeat
distance. These observations prompted us to hy-
pothesise electrostatic interactions, respectively, hy-
drogen bonds between opposing bilayer surfaces.
Other deviant properties of glucosylcardiolipin,
namely a cubic phase supramolecular structure under

reduced hydration, and an increased instead of a
decreased water sorption in the barium salt form,
require further experiments.
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Appendix

The following equations were used to calculate the
quantities given in Table 6. This Table also contains
the figures required for calculations.

The surface area per molecule [33,47] was calcu-
lated by:

S = 2(V] + RW/I‘VW)/d

where 17 is the volume of one lipid molecule (nm?),
calculated by dividing the molecular mass (Tables 1
and 2) by the density of the lipid (1 g/cm?®) and
6.023 X 10%* (Avogadro number), R/l is the number
of water molecules sorbed by one lipid molecule, V,,
volume of one water molecule (0.030 nm?) and d is
the repeat distance.

The thickness of the water layer between opposing
hydrophilic headgroups, assuming total separation of
lipid and water volume [33,43] was calculated by:

ngO = Z(RW/I'VW)/S

The thickness of the lipid bilayer [33,48] was de-
termined by:

dy=2V\/S
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The tilt angles (¢°c) of the alkyl chains in Table 7
were calculated as follows [41,49]:

©°h = cos ! (nSen/S)

where n=4 is the number of alkyl chains and S, is
the cross-sectional area per alkyl chain (Table 7).
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