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Compression isotherms relating surface pressure with mean molecular area of the two major membrane
lipids of Halobacterium cutirubrum have been recorded at the air /water interface. The lipid constituents
studied were diphytanyl ether analogues of ammonium salts of phosphatidylglycerol phosphate and glycolipid
sulphate. The influence of subphase pH and NaCl concentration on surface characteristics such as limiting
molecular area, collapse pressure, collapse area, surface compressional modulus were investigated. The
effect of pH (0 to 5.6) and electrolyte concentration (0.01 to 1 M NaCl) on these parameters is not
significant in the case of phosphatidylglycerol phosphate in contrast with glycolipid sulphate where pH and
particularly electrolytes cause major changes in film characteristics. There is a marked increase of molecular
area and decrease in both collapse pressure and surface compressional modulus of glycolipid sulphate
monolayers with increasing subphase NaCl concentration. Theoretical cross-sectional areas of the phytanyl
chains and of the polar groups have been calculated for different conformations and these have been used to
interpret the experimental data. It is concluded that the polar group of phosphatidylglycerol phosphate is
readily accommodated beneath the phytanyl chains and both limiting molecular area and area occupied per
molecule at collapse pressure are determined by the chains rather than the polar head group. The collapse
area of glycolipid sulphate, however, is determined by its polar head group, which penetrates deeply into the
aqueous subphase at low electrolyte concentrations, but at high NaCl concentrations it is oriented up into
the interface, presumably, due to a salting out effect. These characteristics are discussed in terms of the
properties of the lipids in aqueous dispersions and in purple membrane of Halobacterium cutirubrum.

Introduction most saturated salt solutions [1,2]. The lipid con-
stituents of the cell membrane of these organisms

The extreme halophiles are characterised by are distinguished from those of other organisms
growth conditions that demand saturated or al- by the presence of two saturated phytanyl groups

linked by ether bonds to a glycerol backbone at
carbons 2 and 3. It is believed that this molecular
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and because of the position of attachment to the
glycerol, they are afforded protection against at-
tack by phospholipases of other organisms [3].

The major lipids of both the red and purple
membrane of Halobacterium cutirubrum are ana-
logues of 2,3-di-O-phytanyl-sn-glycerol. The two
dominant lipid classes contain polar groups linked
to the carbon 1 of the glycerol backbone and
consist of 3’-phospho-sn-glycerol-1"-phosphate
(phosphatidylglycerol phosphate) [4] and 1-O-
[galactosyl-3-sulphate( 81" — 6" )mannosyl(al” —
2")glucosyl(al” — 1)}-sn-glycerol (glycolipid sul-
phate) [5]. Details of the chemistry and biochem-
istry of these membrane lipids have been de-
scribed elsewhere [6,7].

Dispersions of total polar lipid extracts from
H. cutirubrum in water form large liposomes con-
sisting of concentric lamellar arrangements which
act as ideal osmometers in KCl and NaCl solu-
tions providing the concentration does not exceed
0.2 M. At higher salt concentrations the arrange-
ment of the lipid changes and the structures be-
come osmotically inactive [8]. It has been sug-
gested that charge shielding at high ionic strength
leads to a decrease in the surface area occupied by
the polar groups as charge repulsion between
neighbouring molecules is reduced. Since the area
occupied by the phytanyl chains is unaffected by
charge, the chains are said to interact strongly by
cohesive dispersion forces and prevent the forma-
tion of stable bilayer structures. Thus interactions
of the charged lipids with membrane proteins and
other constituents is believed to be required to
preserve stability of the membrane at high salt
concentrations.

A previous freeze-fracture study [9] performed
on ammonium salts of lipids from H. cutirubrum
compared structures formed when they were dis-
persed in water or 5 M NaCl. It was found that
phosphatidylglycerol phosphate forms small lipo-
somal-like structures in water which consist of
relatively few layers. The glycolipid sulphate, on
the other hand, exists as large multilamellar lipo-
somes. Dispersion in 5 M Na(l solutions causes a
dramatic change in the structure of the lipids and
both lipids are characterised by a heterogeneous
phase behaviour. In the glycolipid sulphate disper-
sions a lamellar structure tends to dominate the
phase but non-bilayer arrangements are also ob-

served. Phosphatidylglycerol phosphate prefers a
non-lamellar arrangement in high salt concentra-
tions particularly at temperatures of 70°C or
greater. These studies also showed that, in water,
phosphatidylglycerol phosphate is more hydrated
than glycolipid sulphate at the same water con-
tent. Presumably, this is due to electrostatic ef-
fects, since phosphatidylglycerol phosphate has
two charged phosphate groups and glycolipid
sulphate has only a single sulphate group. The
general conclusions from the freeze-fracture stud-
ies were that glycolipid sulphate tends to form
multibilayer structures in salt concentrations and
temperatures akin to the growth conditions of the
bacterium, whereas phosphatidylglycerol phos-
phate tends to form a mixed lamellar and non-
lamellar phase.

Some calorimetric [8] and *'P-NMR [10] stud-
ies of dispersed total polar lipids of H. cutirubrum
or fractions thereof suggest that the phytanyl
chains are in a disordered configuration and no
phase transitions can be detected above 0°C.
Spin-labelled data and specific volume measure-
ments in the temperature range —11°C to 45°C
[11], however, indicate that in the presence of 4 M
NaCl or 0.1 M MgCl, transitions take place in the
polar head group region of the molecules. In the
present paper a monolayer study of the am-
monium salts of the major lipid constituents of H.
cutirubrum 1is reported. Information on the physi-
cal state and conformation of the molecules in
monolayers spread at the air/water interface have
been derived and compared with theoretical con-
formational models. This approach has proved
useful in helping to understand the behaviour of
these lipids in aqueous dispersions and in cell
membranes.

Materials and Methods

The extraction, purification and preparation of
lipids was the same as described elsewhere [9]. The
chemical structures of phosphatidylglycerol phos-
phate and glycolipid sulphate are illustrated in
Fig. 1.

The compression isotherms at the air/water
interface relating surface pressure (7, mN /m) with
mean molecular area (4, nm?/mol) were recorded
at 17°C, using the Wilhelmy method. The lipids
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Fig. 1. Structure of the membrane lipids used in monolayer
studies. a, phosphatidylglycerol phosphate; b, glycolipid sul-
phate.

were spread from a micropipette in a solvent
mixture consisting of chloroform (Reactivul,
Bucharest) and n-hexane (Merck) (1:9, by vol.).
The solvents were used without further purifica-
tion. The presence of surface-active impurities in
the spreading solvents was excluded because de-
position of these solvents on the aqueous sub-
phases did not alter the interfacial tension. Water
that was twice distilled (pH = 5.6) was used and
NaCl was added to the aqueous subphase in
amounts required to achieve concentrations of
between 0.01 and 4 M. Where adjustment of the
subphase pH was made, this was achieved using
appropriate additions of HCI (pH 0-2) or potas-
sium phosphate buffer (pH 8). All electrolytes
were of Analar purity and used without further
purification. They were reputed to contain no
impurities with surface activity and this was con-
firmed by surface tension measurements recorded
before spreading lipid monolayers.

Generally, before compressing monolayers an
equilibration period of between 10 and 60 min

was allowed during which time residual spreading

solvent evaporated and internal equilibrium within
the film was achieved. No effect of additional
equilibration times of up to 120 min were ob-
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served as judged from monolayer characteristics
or the performance of compression isotherms on
any of the subphases used. One consistent ob-
servation was that glycolipid sulphate did not
spread readily over the surface of subphases con-
taining NaCl concentrations greater than 1 M and
it was necessary to reduce the concentration of the
surfactant initially spread on such subphases.

A set of usually ten 7 versus A4 curves were
recorded for each monolayer. The equilibration
between' the lipid film and the various subphases
was found to be relatively rapid, and this per-
mitted compression isotherms to be obtained
within a few minutes using compression rates of
between 0.01 and 0.06 (nm”/mol) - min~'. Repro-
ducibility of the surface pressure measurements
was within 0.5 mN /m, while with the molecular
area determinations it was within 0.02 nm?/mol
for water and subphases with electrolyte con-
centrations less than 1 M; with NaCl concentra-
tions greater than 1 M surface pressure determina-
tions were reproducible within 1 mN /m, whereas
with area measurements the reproducibility was
within 0.5 nm? /mol.

Results

Compression isotherms, i.e. surface pressure
versus mean molecular area curves of phosphati-
dylglycerol phosphate (PGP) and glycolipid
sulphate (GLS) recorded on a subphase of dis-
tilled water (pH 5.6) are presented in Figs. 2 and
3, respectively. The surface characteristics, includ-
ing the limiting molecular area (A,) obtained by
extrapolating the high surface pressure linear por-
tion of the isotherm to 7 = 0, the collapse pressure
(m,) and the collapse molecular area (A.) ob-
tained as the co-ordinates of the point on the
isotherm where a sudden slope change of the
curve occurs at high = values, were derived from
these curves. The values are collated in Table I for
the two lipids under designated pH conditions.
The surface compressional modulus, defined as:

Col=—A,(8n/34)r = A (7. /(A,— A.))

has been calculated from the monolayer parame-
ters and is also included in Table 1.
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Fig. 2. Compression isotherm of phosphatidylglycerol phos-
phate on a subphase of water (pH 5.6).

To examine the effect of surface charge on
monolayer characteristics of the two lipids, com-
pression isotherms were constructed on subphases
adjusted to pH values above and below the pK,
3.25 [19] of the ionisable groups of the lipids. The
compression isotherms of phosphatidylglycerol
phosphate and glycolipid sulphate on subphases
of varying pH are presented in Figs. 4 and §,
respectively. Protonation of the two primary ioni-
sable groups on each of the phosphate residues of
phosphatidylglycerol phosphate does not greatly
affect the surface properties of the monolayer with
the exception of a slight expansion of the film at

TABLE 1
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Fig. 3. Compression isotherm of glycolipid sulphate on a
subphase of water (pH 5.6).

pH 0. Thus the presence of charged groups on the
lipid does not greatly affect stability of the mono-
layer as judged from the collapse pressure and
collapse molecular area nor, rather surprisingly,
the compressional modulus and limiting molecular
area. In general, the effect of discharging the
ionised sulphate of the glycolipid sulphate also
does not markedly affect the characteristics of
these monolayers but there is a considerable ex-
pansion of films spread on a subphase of pH 0.
This is evident from increased values of the limit-
ing molecular area and decreased compressibility
modulus. It is noteworthy, however, that the area
per molecule observed at collapse pressure of the
film is not greatly changed at very low pH.

SURFACE CHARACTERISTICS DERIVED FROM COMPRESSION ISOTHERMS
A, A, in nm?/mol; 7., C5' in mN/m. PGP, phosphatidylglycerol phosphate; GLS, glycolipid sulphate.

Compound  Surface pH [NaCl] (mol /litre) (pH 5.6)
characteristics 5 1 2 56 8 001 01 1 2 3 4
PGP A, 1.05 0.90 0.83 0.91 1.02 1.00 1.06 115 - - -
A, 0.60 0.56 0.54 0.54 0.66 0.60 0.64 0.66 - - -
T 42 44 45 44 45 42 43 43 - — -
c;l 98 116 129 108 128 105 108 101 - - -
GLS A, 1.70 1.21 1.07 1.05 1.12 1.30 - 2.30 410 5.20 5.80
A, 0.77 0.77 0.76 0.76 0.78 0.80 - 1.35 1.75 2.30 3.20
7, 35 37 43 38 41 37 - 33 32 30 21
¢! 65 102 148 138 135 96 - 80 56 54 47
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Fig. 4. The effect of subphase pH (indicated on each curve) on
compression isotherms of phosphatidylglycerol phosphate.

The effect of electrolytes on monolayer char-
acteristics was examined by constructing compres-
sion isotherms of the two lipids on subphases of
varying concentration of NaCl. These data are
shown in Figs. 6 and 7 for phosphatidylglycerol
phosphate and glycolipid sulphate, respectively. It
can be seen that the effect of subphase NaCl
concentrations on the monolayer characteristics of
phosphatidylglycerol phosphate is to cause a slight

T, mN/m

A,nmI/moI

Fig. 5. The effect of subphase pH (indicated on each curve) on
the compression isotherms of glycolipid sulphate.
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Fig. 6. The effect of subphase NaCl concentration on compres-

sion isotherms of phosphatidylglycerol phosphate. NaCl con-
centrations; a, 0 M; b, 0.01 M; ¢, 0.1 M;d, 1 M.

expansion of the monolayer in proportion to the
salt concentration. This was manifest as an in-
crease in the area per molecule at the collapse
pressure and limiting molecular area; there was,
however, no significant change in film com-
pressibility or stability. By contrast, increasing
concentrations of NaCl in subphases under glyco-
lipid sulphate monolayers cause a considerable
increase in both area per molecule at collapse
pressure and limiting molecular area. Further-

A,nm? Jmol

Fig. 7. The effect of subphase NaCl concentration on compres-
sion isotherms of glycolipid sulphate. NaCl concentrations; a,
0OM; b, 001 M;¢c,1M;d,2M;e, 3M;f,4M.
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more, there was a significant decrease in com-
pressibility modulus and loss of film stability with
increasing salt concentrations. Such effects of salt
are unlikely to be due simply to the incorporation
of electrolytes into the monolayer but suggest that
high salt concentrations induce a conformational
change in the film constituents.

So as to relate the surface characteristics of
monolayers of phosphatidylglycerol phosphate and
glycolipid sulphate with molecular conformation
of the respective surfactant molecules the surface
area occupied by molecules in two configurations
have been calculated from molecular models.

These calculations assume that all the mole-
cules are oriented at the interface with their polar
groups in contact with the aqueous subphase and
the phytanyl chains directed up into the air. Be-
cause the molecules are very flexible, there is a
very large number of possible conformations when
the molecules are present on the surface at rela-
tively low density. As the area occupied is reduced
by compressing the film, however, lateral con-
straints and interactions with neighbouring mole-
cules limit the range of conformations that can be
adopted. Near the collapse pressure, it may be
expected that the molecules of the monolayer will
form a fairly regular lattice in which either the
phytanyl chains or the polar group will determine
the minimum area, A_, that the molecule can
occupy. If this condition is determined by the
phytanyl chains it is most likely that these will be
in a fully extended state and directed vertically
from the interface. The orientation of the polar
groups in an extended configuration into the sub-
phase, however, may not be the preferred confor-
mation particularly if the limiting molecular area
is determined by the hydrophilic component since
electrostatic and hydration factors may complicate
the situation. Such factors, moreover, may
dominate the equation of state of the monolayer
and, in turn, determine the value of A_.. In our
previous studies [12-16] we found that, as a gen-
eral rule, the experimental value of A4, was very
close to the minimum area required for vertically
oriented, close-packed, non-rotating molecules in
their most extended conformation designated A .
We also showed that the experimental value, A4,
is related to a molecular area referred to 4,, which
is the theoretical molecular area of an array of

Fig. 8. Extreme conformations of the phytanyl chains. c,
co-planar conformation; ®, common-plane C atoms; O, out-
of-plane C atoms; p, parallel conformation; O, first-plane C
atoms, ®, second-plane C atoms; O, third-plane C atoms. (a)
‘Lateral’ view; (b) ‘top’ view, i.e. projection onto the interface.
Solid lines show the bond in the overlapping -CH,-CH ;-re-
sidues, dashed lines show the bonds of the out-of-plane C
atoms carrying an -H and a -CH; group. Dotted line repre-
sents the glycerol backbone.

tetragonally close-packed molecules rotating about
an axis perpendicular to the plane of the mono-
layer. In the present study, theoretical molecular
areas have been calculated for the phytanyl chains
(this is the same for phosphatidylglycerol phos-
phate and glycolipid sulphate) and for each of the
polar head groups. Two extreme conformations of
the phytanyl chains have been considered. The
first case is when all the carbon atoms of the
phytanyl chains are located in the same vertical
plane except four of them, carrying the side chain
methyl groups. This conformation, designated co-
planar or ¢ conformation is illustrated in Fig. 8,
both in ‘lateral’ view (a) and in ‘top’ view (b). The
second case, also shown in Fig. 8, consists of a
parallel arrangement of the two phytanyl chain



Fig. 9. The polar head group of glycolipid sulphate in extreme
vertical (v) and horizontal (h) conformations. The relative
position of the air (A)/water (W) interface is shown.

planes. This conformation is referred to as the
parallel or p conformation. In each of these con-
formations the glycerol backbone of the molecule
is shown as a dotted line. In the ‘top’ view,
unbroken lines represent the bonds in and be-
tween the overlapping methylene groups of the
phytanyl chain in projection onto the interface
and dashed lines indicate the position of the bonds
of the out-of-plane carbon atoms carrying the side
chain methyl and hydrogen residues.

The conformations of the polar headgroups
have also been considered in the context of two
extreme cases, one in which the polar residue is
oriented vertically down into the subphase in its
most extended conformation (vertical conforma-
tion, v) and the other where the head group is

TABLE 11

THEORETICAL MOLECULAR AREAS OF VERTICALLY
ORIENTED LIPID MOLECULES IN THEIR EXTREME
CONFORMATIONS

A in nm?/mol. PGP, phosphatidylglycerol phosphate; GLS,
glycolipid sulphate.

Surfactant Type Hydrocarbon chain Polar headgroup

of © H)

area " h -
PGP A, 1.44 0.68 3.69 0.52

A4, 0.58 0.56 0.92 0.35
GLS Ay 1.44 0.68 4.00 0.85

A 0.58 0.56 1.68 0.77
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located within the interfacial plane, again in its
most extended conformation (horizontal confor-
mation, h). These two conformations are il-
lustrated schematically for glycolipid sulphate in
Fig. 9. For simplicity the sugar residues are drawn
as circles. Note also that the glycerol residues are
oriented parallel to the plane of the monolayer,
however, a vertical orientation is also possible but
the effect of this on the calculated molecular areas
would be trivial. The values of theoretical molecu-
lar areas calculated for co-planar and parallel
configurations of the phytanyl chains and the
vertical and horizontal orientation of the polar
groups of phosphatidyl glycerol phosphate and
glycolipid sulphate are presented in Table 1I.

Discussion

One of the most conspicuous features of the red
and purple membranes of extreme halophilic
organisms such as Halobacterium cutirubrum is
that their integrity depends on the presence of
NacCl or KCl in concentrations of 3 M or greater
in the surrounding medium [17,18]. The effect of
charge shielding on the phase behaviour of phos-
phatidylglycerol phosphate and glycolipid sulphate
in aqueous dispersions is therefore of importance
in understanding the underlying factors responsi-
ble for the stability of these membranes under
conditions in which the halophiles grow. Phos-
phatidylglycerol phosphate is a dianion at neutral
pH [19,20] with each phosphate group possessing
a single charge. The pK, of these two anionic
groups is about 3.25 [19] and the pK, of the third
ionised group on the terminal phosphate residue
must be higher than 8 when oriented at an aque-
ous interface. With the polar group in the vertical
conformation the charged groups would exist in
two separate planes. Studies of cation and pH
dependence of charge neutralisation in total polar
lipid extracts of H. cutirubrum have indicated that
the penetration of counter ions into the Stern
layer requires a spacing out of the molecules with
uncharged lipid [21]. These experiments were based
on co-dispersion of the polar lipid fraction with
squalene which is present together with other neu-
tral lipids in a proportion of about 8-10% by
weight of the total membrane lipid. The mono-
layer experiments reported in the present study
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TABLE III

COMPARISON OF CHARACTERISTIC MOLECULAR AREAS

A in nm?/mol. PGP, phosphatidylglycerol phosphate; GLS, glycolipid sulphate. Numeric subscripts refer to subphase pH or NaCl
concentration (in square parenthesis); H and C refer to head group and hydrocarbon chain; v, h and p, ¢ are the presumed

conformation of the head and chains, respectively.

PGP GLS
(Adn, =052 (Ap)Hv =0.35 (A, =0.68 (Ap)cp, =0.56
(A4)Cp =_-6_8 (42 =0.54 (A uv =£ (Ap)Cc =_ﬁ
(4o), =083 (Ac)ss =054 (4o)ss =105 (4)), =076
(A =0.90 (AN =0.56 (4,)2 =1.07 (A)se =076
(Ay)se =091 (Ap)cp =0.56 (Ay)sg =112 (AN =0.77
(45100 =1.00 (Ap)ee =058 (4o =121 (4cyo =077
(A)g =102 (4c)o = 0.60 (Ao)poy =1.30 (Ap)ny =077
(Ag)o =105 (4o =0.60 (Ag)ee =144 (A)s =078
(Ao)[m] =1.06 (Ac)[O.l] =0.64 (45)0 =170 (Ac)[O.Ol] 0.80
(Ag)p =115 (A =066 (Ay)pyy =230 (A4)py =135
(Aa)ce =1_Aﬂ (A4)s =0.66 (A4 un =@ (Ap)Hn =@
(A4) =E (Ap)Hh =9£ (Ao)[z] =4.10 (Ac)[Z] =175
(Ay)z =520 (4 =230
(Ay)lg =580 (A4 =320

provide some evidence for the penetration of
counter ions into the interfacial region. In the case
of phosphatidylglycerol phosphate monolayers the
values of A, and A_ are considerably greater
when spread on subphases of NaCl compared
with HCI of equivalent concentration. This trend
is even more pronounced in the case of the glyco-
lipid sulphate but interpretation is complicated by
the effects of the solvent on the conformation of
the polar sugar residues of this lipid.

The conformational transitions of the lipid
molecules during compression of the monolayers
can be judged by comparing experimental values
of A, and A_ with the respective theoretical values
of A, and A,. All characteristic molecular areas
presented in Tables I and II are summarized in
Table III in order of increasing area occupied by
the respective conformers. It can be seen from
Table III that for monolayers of phosphatidyl-
glycerol phosphate, values of A, are considerably
less than (A,)y, and somewhat greater than the
(A;)y, value. This suggests that the limiting
molecular area is determined by the phytanyl
chains rather than by the polar group which pre-
sumably assumes a conformation that can be
accommodated within the surface area prescribed
by the chains. The A, value in fact is close to the
arithmetical mean of (4,)c. and (A4)c, areas of

the phytanyl chains supporting the idea of either a
combination of each of the extreme chain con-
formers or a chain conformation that is inter-
mediate between c and p. Furthermore, the values
of A, are similar to areas (4,)c, and (4,)c.
suggesting that near the collapse pressures the
phytanyl chains are in a close-packed configura-
tion.

The characteristics of glycolipid sulphate
monolayers and the effects of screening the elec-
trostatic charge on the head group contrasts sig-
nificantly with those observed in films of phos-
phatidylglycerol phosphate. Thus, the values of
limiting molecular area of glycolipid sulphate
molecules in all monolayers except on subphases
of pH 0 and /or NaCl concentrations greater than
0.01 M are markedly less than the theoretical
values (A4)y, and less than (A4,). area calcu-
lated for the phytanyl chains. The experimental
value, however, is greater than both (A4,)y, and
(A4)cp» suggesting that under these conditions the
limiting molecular area is determined by the area
occupied by the phytanyl chains. Some contribu-
tion from the polar head group of the glycolipid
sulphate cannot, however, be excluded especially
since the limiting molecular area is slightly greater
than recorded for phosphatidylglycerol phosphate.
When the charges on the sulphate are effectively



screened, such as on subphases of pH 0 or particu-
larly on high salt concentrations, the limiting area
increases very significantly and exceeds values of
(A,)c. and even (A,)y;,. The most likely explana-
tion for this effect is that the polar head group of
the lipid undergoes a decrease in affinity for the
subphase and adopts a more compact arrange-
ment in the interfacial region and possibly con-
tains a number of hydrated sodium ions as a
component of the film. This effect could be con-
sidered in terms analogous to a salting out of the
sulphated sugar group which normally requires a
large number of water molecules to hydrate the
numerous hydroxyl groups as well as the sulphate
residue.

The effect of lateral constraints of molecular
packing on conformation can be determined from
the relationship between the area occupied per
molecule of glycolipid sulphate at collapse pres-
sure, A., and the electrostatic conditions at the
interface. It can be seen that on all subphases
except NaCl concentrations greater than 10 mM
the A4, value approximates to the theoretical
(A,)y, value of the polar group. Meanwhile, all
A, values are considerably greater than both
(Ay)cp and (A4,) ¢, values. This is consistent with
a close packing of the vertically oriented head
groups which, unlike phosphatidylglycerol phos-
phate, determine the minimum molecular area that
the molecule can occupy in the monolayer. Com-
paring the experimental A, value of glycolipid
sulphate on subphases of pH 0 and 10 mM NaCl
with (A4,)y,, suggests that the head groups reori-
ent from a horizontal configuration at low pres-
sure to an extended vertical conformation during
compression of the film. When the subphase con-
sists of NaCl concentrations of 1 M or greater, the
polar group apparently remains in the surface
layer in a horizontal orientation. The A4_. value
increases with increasing concentration of NaCl
and presumably it eventually exceeds (A4,)yy;, due
to incorporation of the electrolyte into the mono-
layer.

The stability of monolayers of the two lipids is
reflected in the surface pressure recorded at the
collapse of the film. This pressure is not affected
greatly by the nature of the subphase under mono-
layers of phosphatidylglycerol phosphate since the
limiting factor in close packing of the molecule is
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determined by the phytanyl chains. The values of
. for glycolipid sulphate monolayers, in contrast
to phosphatidylglycerol phosphate films are much
less.

This emphasises the importance of dispersive-
type attractive forces between the chains in stabi-
lising the monolayer. Because the polar group of
glycolipid sulphate, especially those configurations
adopted in high concentrations of NaCl,
determines the packing density at collapse pres-
sure, the cohesion between the phytanyl chains is
likely to be reduced and there is possibly an
increase in gauche conformers. The difference in
packing density between molecules dispersed in 4
M Na(l is also seen in wide-angle X-ray diffrac-
tion spacings which show single broad diffraction
bands typical of disordered hexagonal arrange-
ment at 0.51 and 0.55 nm for phosphatidylglycerol
phosphate and glycolipid sulphate, respectively
(unpublished observations). If the arrangement of
the chains is in an hexagonal array, calculations of
the area occupied by each molecule at the aqueous
interface are 0.54 and 0.63 nm’/mol for the
respective lipids.

The compressibility (reduction in surface com-
pressional modulus) of phosphatidylglycerol phos-
phate monolayers increases only slightly with in-
creasing subphase salt concentration, in contrast
to glycolipid sulphate, where compressibility of
the film is very sensitive to subphase electrolyte
concentration. This feature can be explained by
reference to the arguments used above the de-
scribe the stability of glycolipid sulphate mono-
layers. A looser structure dominated by the rela-
tively flexible conformation of the sulphated sugar
residue leads to a highly compressible monolayer.
Such behaviour may explain, in part, why the
osmotic behaviour of dispersed polar lipid extracts
of H. cutirubrum breaks down at salt concentra-
tions greater than 0.2 M. This is in contrast to the
explanation of Chen et al. [8] who suggested that
the area occupied by the polar group decreases in
salt concentrations greater than 0.2 M leading to
loss of bilayer stability.

Acknowledgements

This work was aided by grants from the Agri-
cultural and Food Research Council, the British



304

Council, the Romanian Ministry of Education and
Instruction and the Romanian Council for Science
and Technology. Drs. M. Kates and L. Stewart
generously provided lipids for use in this study.

References

3

4

5

6

7

8

9

Bayley, S.T. and Morton, R.A. (1978) CRC Crit. Rev.
Microbiol. 6, 151-215.

Grant, W.D. and Kogut, M. (eds.) (1986) The Molecular
Basis of Haloadaptation in Microorganisms, FEMS Micro-
biol. Rev. 39, 1-158.

Kates, M. (1972) in Ether Lipids: Chemistry and Biology
(Snyder, F.L, ed.), pp. 351-397, Academic Press, New
York.

Hancock, A.J. and Kates, M. (1973) J. Lipid Res. 14,
422-429.

Kates, M. and Deroo, P.W. (1973) J. Lipid Res. 14, 438-445.
Kates, M. (1978) Prog. Chem. Fats Lipids 15, 301-342.
Paltauf, F. (1983) in Ether Lipids: Biochemical and Bio-
medical Aspects (Mangold, H.K. and Paltauf, F., eds.), pp.
309-353, Academic press, New York.

Chen, J.S., Barton, P.G., Brown, D. and Kates, M. (1974)
Biochim. Biophys. Acta 352, 202-217.

Quinn, P.J, Brain, A.P.R., Stewart, L.C. and Kates, M.
(1986) Biochim. Biophys. Acta 863, 213-223.

10

11

12

13

14

15

16

17

18

19

20

21

Ekiel, J., Marsh, D., Smallbone, B.W., Kates, M. and
Smith, I.C.P. (1981) Biochem. Biophys. Res. Commun. 100,
105-110.

Plachy, W.Z., Lanyi, J.LK. and Kates, M. (1974) Biochem-
istry 13, 4906-4913.

Zsako, J., Chifu, E. and Tomoaia-Cotisel, M. (1979) Gazz.
Chim. Ital. 109, 663—668.

Tomoaia-Cotisel, M., Zsako, J. and Chifu, E. (1981) Ann.
Chim. (Rome), 71, 189-200.

Tomoaia-Cotisel, M., Zsako, J., Chifu, E. and Quinn, P.J.
(1983) Chem. Phys. Lipids 34, 55-64.

Tomoaia-Cotisel, M., Chifu, E. and Zsako, J. (1985) in
Water and Ions in Biological Systems (Pullman, A., Vasi-
lescu, V. and Packer, L., eds.), pp. 243-250, Plenum Press,
New York.

Chifu, E., Zsako, J. and Tomoaia-Cotisel, M. (1983) J.
Colloid Interface Sci. 95, 346-354.

Lanyi, J.K. (1971) J. Biol. Chem. 246, 4552-4559.
Kushner, D.J. (1978) in Microbial Life in Extreme Environ-
ments (Kushner, D.J, ed.), pp. 318-368, Academic Press,
London.

Kates, M., Yengoyan, L.S. and Sastry, P.S. (1965) Biochim.
Biophys. Acta 98, 252-268.

Kates, M. and Hancock, A.J. (1971) Biochim. Biophys.
Acta 248, 254-262.

Lanyi, J.K., Plachy, W.Z. and Kates, M. (1974) Biochem-
istry 13, 4914-4920.



