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Although methyl iso- and anteiso-branched fatty acids occur widely in the membrane lipids of prokaryotic
microorganisms, relatively little is known about the physical properties of phospholipids containing these
fatty acids. We report here a monolayer and differential scanning calorimetric characterization of several
synthetic phosphatidylcholines containing branched-chain fatty acids, and describe the interactions of these
phospholipids with cholesterol and with a bacterial hopanoid. We find that monolayers as well as bilayers of
methyl isobranched- and especially of methyl anteisobranched-fatty-acid-containing phosphatidylcholines
exhibit a reduced solid-to-fluid phase transition temperature in comparison with linear saturated fatty
acid-containing phosphatidylcholines of comparable chain length. We also find that the liquid-condensed or
gel states of branched-chain fatty acid-containing phosphatidyicholines are partially disordered relative to
those of phospholipids containing linear saturated fatty acids, although the presence of a methyl branch has
only a small effect on hydrocarbon chain packing in the liquid-expanded or liquid-crystalline states. The
presence of cholesterol was found to produce a marked condensation of liquid-expanded films and a small
condensation of liquid-condensed films, whether the phosphatidylcholine contained linear or branched-chain
fatty acyl constituents. The presence of a bacterial hopanoid produced similar, although slightly smaller,
monolayer-condensing effects, indicating that these compounds may perform a cholesterol-like function in
bacterial membranes.

Introduction

Methyl iso- and anteiso-branched saturated
fatty acids occur widely as components of the
membrane lipids of prokaryotic microorganisms
[1]. In addition, branched-chain fatty acids are

Abbreviations: PC, phosphatidylcholine(s); THBH, 1,2,3,4-te-
trahydroxypentane-29-hopane; DPPC, dipalmitoylphosphati-
dylcholine; DHPC, 1,2-diheptadecanoylphosphatidylcholine;
DIHPC, 1,2-diisoheptadecanoylphosphatidylcholine (15-meth-
ylhexadecanoyl-); DAHPC, 1,2-dianteisoheptadecanoylphos-
phatidylcholine (14-methylhexadecanoyl-).
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able to support the growth of several fatty acid-
auxotrophic microorganisms in which these fatty
acid classes do not naturally occur [2-4]. Model
membranes [5,6] composed of di-isoacyl or di-an-
teisoacyl phosphatidylcholines (PC), and natural
membranes [7-9] enriched in phospholipids con-
taining branched-chain fatty acids, exhibit de-
creased gel to liquid-crystalline phase-transtion
temperatures in comparison to membranes con-
taining unbranched saturated fatty acids. This had
led to the suggestion that phospholipids contain-
ing branched-chain fatty acids, and particularly
methyl anteisobranched fatty acids, act as ‘mem-
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brane fluidizers’, just as to phospholipids contain-
ing cis-unsaturated fatty acyl groups [10]. Despite
their wide distribution and experimental useful-
ness, relatively little is known about the physical
properties of branched-chain fatty acid-containing
phospholipids. For this reason, we initiated mono-
layer and differential scanning calorimetric (DSC)
studies of model membranes composed of syn-
thetic PCs containing methyl iso- or anteiso-
branched fatty acids. The effect of cholesterol and
of a bacterial hopanoid on the properties of mono-
layers and bilayers composed of these synthetic
branched-chain PCs was also investigated. Some
results of these studies are presented here.

Materials and Methods

The hopanoid 1,2,3,4-tetrahydroxypentane-29-
hopane (THBH) was obtained from Bacillus
acidocaldarius as described previously {11]. Des-
criptions of the synthesis and purification of
DPPC, DHPC, DIHPC and DAHPC have already
been published [5,6,12]. Monolayer experiments
were carried out exactly as described by Blume
[13]. The DSC analyses of the thermotropic phase
behavior of aqueous multilamellar dispersions of
the individual PCs were performed with a Micro-
cal MC-1 Differential Scanning Microcalorimeter
(Microcal Inc., Amherst, MA, U.S.A\) operating at
a heating scan rate of 20 K/h, while the corre-
sponding analyses of DPPC-THBH dispersions
were performed with a Privalov Calorimeter {14].

Results and Discussion

In Fig. 1, the molecular areas occupied by
monolayers of DPPC, DIHPC and DAHPC are
plotted as a function of temperature at a constant
lateral surface pressure of 25 dyn/cm. At this
surface pressure, the transition from the liquid-
condensed to the liquid-expanded state is half
complete at temperatures of 32.5°C, 21.3°C and
about 0°C (estimated) for DPPC, DIHPC and
DAHPC, respectively. At a temperature 10°C
above their measured or estimated phase transition
temperatures, the molecular areas occupied by all
three PCs are nearly comparable (about 63 A?),
indicating a similar state of acyl chain packing in
the fluid state. At a temperature 10°C below their

phase transition temperature, however, the DPPC
molecules occupy a much smaller area (51 A?)
than do the molecules of DIPHC (54 A?) or

40

30

N
=]

TEMPERATURE, ©C
o

2 3

a5 60 75
MOLECULAR ARL A, A2

Fig. 1. Isobars at a surface pressure of 25 dyn/cm of mono-
layers of DPPC (1), DIHPC (2) and DAHPC (3).

DAHPC (about 56-58 A?), indicating that PCs
containing branched-chain fatty acyl groups are
significantly more disordered in the solid state
than are PCs containing unbranched saturated
hydrocarbon chains.

In Fig. 2, the average molecular areas occupied
by monolayers composed of varying proportions
of cholesterol and either DPPC, DIHPC or
DAHPC are presented. The lateral surface pres-
sure was again held constant at 25 dyn/cm and
measurements were made at either 40°C or at a
reduced temperature (see legend to Fig. 2). Since
the area occupied by the rigid cholesterol mole-
cules is almost temperature-invariant, one can see
that in the expanded state which exists at 40°C,
cholesterol markedly reduced the molecular area
occupied by all three PCs in comparison to the
molecular areas that these phospholipids would
occupy in the absence of cholesterol at this tem-
perature. However, the magnitude of the con-
densation produced by cholesterol levels of 25-50
mol% appears to be greatest for the DPPC and
smallest for the DAHPC monolayer, perhaps re-
flecting the fact that this sterol exerts its maximum
condensing effect at temperatures near the phase
transition temperature of the phosphatidylcholine
film [15]. At the reduced temperatures, where the
DPPC and DIHPC (but not the DAHPC) mono-
layers exist in the liquid-condensed state,
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Fig. 2. Effect of cholesterol on the molecular areas of different
PCs (A, DPPC; B, DIHPC; C, DAHPC) at varying molecular
ratios of cholesterol/PC at a surface pressure of 25 dyn/cm.
— — —, calculated areas at 40°C; - - -, calculated areas at the
lower temperature; @, measured areas at 40°C; a, measured
areas at the lower temperature. Lower temperature for DPPC
=15°C, for DIHPC =10°C and for DAHPC =4°C. The
standard error margin is +1 A,

cholesterol also produces a reduction in PC molec-
ular area, although the magnitude of this reduction
is considerably less than observed at higher tem-
peratures, where these PC films exist in the liquid-
expanded state. The finding that mixed mono-
layers of cholesterol and DPPC exhibit a con-
densation below their phase transition tempera-
tures has been previously reported by other workers
[16,17]. This effect may be due to a cholesterol-in-
duced rearrangement of PC packing in the mono-
layer film, in which the fatty acyl chains become
more nearly perpendicular to the film plane in the
presence of cholesterol. A conformational change
in the phosphatidylcholine headgroup may be im-
portant of this cholesterol-induced rearrangement,
since mixed films of cholesterol and di-
myristoylphosphatidic acid do not exhibit con-
densation at temperatures below the phase transi-
tion temperature [17].

In Fig. 3, the average molecular areas occupied
by monolayers composed of varying proportions
of THBH and either DPPC, DIHPC or DAHPC
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Fig. 3. Effect of THBH on the molecular areas of different PCs
(A, DPPC; B, DIHPC; C, DAHPC) at varying molecular ratios
of THBH /PC at a surface pressure of 25 dyn/cm. Conditions
and abbreviations are the same as in Fig. 2.

are presented, the measurements being made un-
der the same conditions as in Fig. 2. The results
obtained with this bacterial pentacyclic tri-
terpenoid are essentially identical to those ob-
tained with cholesterol, in that THBH significantly
condensed all three monolayers above their phase
transition temperatures and less markedly con-
densed the DPPC and DIHPC monolayers below
their phase transition temperatures. However, the
condensing effect of THBH is usually somewhat
smaller than that produced by cholesterol under
similar conditions. These findings support the
suggestion that hopanoids may function to regu-
late the fluidity of the lipids in prokaryotic mem-
branes in a manner analogous to that of cholesterol
in eukaryotic membranes [11,18-20].

We also studied the thermotropic phase be-
haviour of model bilayer membranes composed of
DHPC, DIHPC or DAHPC by high-sensitivity
DSC; DHPC rather than DPPC was selected here
so that all three PCs would have the same total
number of carbon atoms in their fatty acyl chains,
rather than the same ‘effective’ chain lengths. As
can be seen in Fig. 4, DHPC exhibited two endo-
therms on heating. The broader, lower-energy
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Fig. 4. High-sensitivity DSC traces illustrating the thermotropic
phase behaviour of multilamellar dispersions of (a) DAHPC,
(b) DIHPC and (c) DHPC. The peak areas are not drawn to
scale.

transition occurring at 43.3°C is the pretransition,
which is associated with a gel state packing re-
arrangement of the hydrocarbon chains, while the
sharper, higher-energy main transition occurring
at 48.2°C is due to the cooperative melting of the
fatty acyl chains [21-23]. Also, DIHPC usually
exhibits two endotherms, a sharp, energetic en-
dotherm at 27.6°C, presumably due to the cooper-
ative hydrocarbon melt, and a broad, less energetic
endotherm (not shown in Fig. 4) centred near
10°C. The position and enthalpy of this lower-
temperature transition, the physical basis of which
is presently unknown, varied markedly with sam-
ple preparation, thermal history and heating rate.
DAHPC always exhibited two relatively broad
endotherms, centered at 5.2 and 8.3°C, the
higher-temperature peak having a small low-tem-
perature shoulder. The physical basis for this com-
plex thermotropic behaviour is also not currently
understood. The calorimetric enthalpies of the
main transitions were DHPC = 8.8 + 0.1, DIHPC
=8.14+03 and DAHPC = 6.3 + 0.4 kcal/mol
(the latter provisionally taken as the sum of the
areas of both peaks). The corresponding entropy
of transition values were DHPC = 27.4, DIHPC =
26.9 and DAHPC = 22.9 cal /K per mol. The lower
gel to liquid-crystalline phase transition tempera-
tures, and the decreased transition enthaplies and
entropies of the branched-chain PCs, particularly

the anteiso-branched PC, again suggest that these
lipids have higher energies and decreased degrees
of order in their gel states compared to DHPC.

The thermotropic phase behaviour of model
bilayer membranes composed of DPPC plus vari-
ous amounts of THBH was also studied by high-
sensitivity DSC. Some representative DSC traces
are presented in Fig. 5. One can see that the
presence of increasing quantities of this bacterial
hopanoid abolishes the pretransition endotherm
and decreases the cooperativity and enthalpy of
the main chain-melting endotherm of DPPC, just
as has previously been reported for cholesterol-
DPPC mixtures (see Refs. 21 and 22). These re-
sults further confirm that cholesterol and THBH
have qualitatively similar effects on the thermo-
tropic phase behaviour of phospholipid model
membranes.

The liquid-condensed to liquid-expanded phase
transition temperatures observed for PC mono-
layers in the present investigation are some 7-9°C
lower than the calorimetrically determined gel to
liquid-crystalline phase transition temperatures of
the corresponding PC bilayers observed in the
present and in previous studies [5,6]. These dif-
ferences in phase transition temperatures are prob-
ably due primarily to the lower lateral surface
pressure utilized in the monolayer study (25 dyn/
cm) as compared to the intrinsic lateral surface
pressures characteristic of PC bilayer vesicles in
water (estimated at 30-35 dyn/cm, see Refs. 13,
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Fig. 5. High-sensitivity DSC traces illustrating the thermotropic
phase behaviour of multilamellar dispersions of DPPC contain-
ing 0-40 mol% THBH. The peak areas are drawn approxi-
mately to scale.



24). It should be noted, however, that the relative
differences between the phase transition tempera-
tures of the various PCs studied here are quite
similar in both the monolayer and bilayer mem-
branes, confirming that the presence of a methyl
branch in the iso or anteiso position has the same
qualitative and a similar quantitative effect in both
model systems.

The results obtained in the present study con-
firm those obtained in earlier work. The mem-
branes of Bacillus subtilis and Staphylococcus aureus
[25], which are naturally rich in lipids containing
branched-chain fatty acids, and the membranes of
Escherichia coli artificially enriched in these fatty
acids [26], have been reported to exhibit several
unusual properties below their phase transition
temperatures. The sharp 4.2 A reflection usually
observed in wide-angle X-ray diffraction experi-
ments, which is associated with reflections from
the closely packed hydrocarbon chains in gel state
lipid, is replaced by a broader reflection with a
spacing of 4.3-4.4 A in these membranes. More-
over, the lateral aggregation of intramembranous
protein particles, which is normally observed by
freeze-fracture electron microscopy in membranes
below their phase transition temperatures, does
not occur in these systems, nor in Acholeplasma
laidlawii B membranes when artificially enriched
in branched-chain fatty acids [25,27]. Finally, pig
pancreatic phospholipase A ,, which cannot hydro-
lyze gel-state phosphatidylglycerol in A. laidlawii
membranes enriched with linear saturated or un-
saturated fatty acids, can attack this phospholipid
in membranes enriched in methyl iso- or anteiso-
branched fatty acids, even at temperatures below
the phase transition lower boundary temperature
[28]. However, the activity of several enzymes as-
sociated with B. subtilis and S. aureus membranes
[25], the rate of B-galactoside transport in E. coli
[26] and the ATPase activity [27] and growth rate
[7] in A. laidlawii B enriched in branched-chain
fatty acids, all decline rapidly at temperatures
below the phase transition midpoint, just as is
observed for membranes containing linear
saturated or unsaturated fatty acids [29]. There-
fore, although the low-temperature lipid phases is
biological as well as model membranes containing
branched-chain fatty acids are somewhat ex-
panded relative to the gel state of membranes
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containing non-branched fatty acids, apparently
insufficient lipid orientational disorder and fluid-
ity remain to support normal membrane function.
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