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This paper reports on the study of the influence of hopanoids, bacteriophopane-32-ol (Monol) and
bacteriophopane-32,33,34,35-tetrol (Tetrol) on the phospholipid membranes formed from dimyristoylphosphatidyl-
cholines (DMPC) or bacterial phospholipids (BPL). Maximum splitting values and rotational correlation times were
evaluated from the ESR spectra of 5- and 16-doxylstearic acids incorporated into these membranes. The effects of
Monol on the DMPC membranes depended on both the phase transition temperature of DMPC (T,;: 23°C) and
the distance from the membrane surface. These effects of Monol were similar to those of cholesterol (Chol). The
effects of Tetrol and Chol on the BPL membranes were similar to those of Monol and Chol on the DMPC membranes.
However, the effects of Monol on the BPL membranes were different from those of Tetrol and Chol. It was found
that the values of activation energy (E,) and activation entropy change (45*) in the Monol-DMPC, Chol-DMPC,
Tetrol-BPL and Chol-BPL systems were smaller than those in DMPC or BPL alone. Such characteristic effects
of Monol and Tetrol on the liposomal membranes were compared with those of Chol.
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Cholesterol (Chol) is a major constituent of the mem-
branes of mammalian cells. It modifies the packing of
phospholipids of membranes and has a key role in many
biological phenomena." In contrast with eukaryotes, the
membranes of prokaryotes contain no Chol. However, the
latter contain a variety of hopanoids, and the contents of
hopanoids can be as high as 30 mg/g of dry cells under
certain strict conditions.?” It is considered that pri-
mordial hopanoids, such as bacterihopane-32,33,34,35-
tetrol (Tetrol) and its glycosides, act as membrane rein-
forcers in prokaryotic membranes, as Chol does in the
membranes of eukaryotes.®”® These hopanoids may
regulate the thermodynamic and mechanical properties of
the membranes in a manner similar to Chol.>> However,
the details are unknown.

Previously, we reported that bacteriophopane-32-ol
(Monol), a semi-artificial hopanoid derived from hopane-
polyols, was also able to modulate the fluidity and stability
of the membranes composed of dipalmitoylphosphatidyl-
cholines (DPPC) in a peculiar manner.!%® Further, it
was observed that Monol was cytotoxic to several mouse
leukemia cells,°? and that Monol inhibited a phospholipid
secretion from the Hep G2 cell line.*°? On the other hand,
Tetrol affected only the fluidity near the polar head groups
of the DPPC membranes.!°® The effects of hopanoids on
lipid membranes are dependent on the kinds of fatty acids
involved and acyl-chain length. Here, we report the results
of an ESR study on the thermodynamic effects of Monol
and Tetrol on membranes composed of dimyristoyl-
phosphatidylcholines (DMPC) or bacterialphospholipids
(BPL). Then, the effects of hopanoids were compared with
those of Chol.

Materials and Methods

Materials Monol and Tetrol were prepared from Acetobacter aceti
according to the method previously reported.®*!%? DMPC was bought
from Nippon Oil & Fats Co., Ltd. Stearic spin labels, 5-doxylstearic acid
(5-SASL) and 16-doxylstearic acid (16-SASL), were from Aldrich
Chemical Co., Ltd. BPL were extracted from freeze-dried cells of bacteria

* To whom correspondence should be addressed.

Acetobacter aceti 1-6 according to the method of Bligh and Dyer.!?
Freeze-dried cells were kindly gifted by Nippon Del Monte Co.

Preparation of Liposomes Liposomes (SUV; small unilamellar vesicle)
were prepared by the following method!°*?; DMPC or BPL (4 mm),
spin probe (0.7mol% of phospholipid) and various amounts of Monol,
Tetrol or Chol were dissolved in methylene chloride-methanol (2: 1, v/v),
and then the solvents were removed under a stream of nitrogen, followed
by vacuum pumping overnight to form a thin homogeneous film in a
test tube. After 1h of hydration with 0.2 ml of phosphate buffered saline
(pH 7.4) at 35°C, the mixtures were vortexed for 30 min, followed by
the sonication, until they became homogeneous opalescent dispersions.

Spectral Measurements ESR spectra were recorded with a JEOL
JES-FE1X spectrometer with a field intensity of 3280 G (X-band, 100
kHz field modulation, 0.63mT modulation width) equipped with a
temperature controller. The microwave was kept at 4mW, at which no
power saturation was observed.

Results

Effects of Monol on DMPC Membranes The mobili-
ty of 5- and 16-SASL does not depend on the alkyl-
chain length of the host phosphatidylcholine, except
for dilauroylphosphatidylcholine.?3® Thus, in spin-label
studies of membranes, SASL spin labels have been widely
used as analogues for phospholipids. An ESR spectrum
of 5-SASL incorporated into the DMPC membranes is
anisotropic, and the fluidity of the membrane can be
estimated from the outermost separation between the
spectral extrema (27)). The value of 27, reflects the
rotational motional freedom of the phospholipids close to
the polar head groups in the membrane. This value
increased with the decrease in fluidity.%>*3!% Figure la
represents the profiles of the change in 27} values of
5-SASL incorporated into the DMPC, DMPC-Monol or
DMPC-Chol membranes as a function of temperature.
The 2T, values progressively decreased with an increase
in temperature in all three cases. A phase transition was
observed at about 23 °C for the DMPC membrane. The
2T, values were increased by incorporating 33.3 mol% of
Monol or Chol at all temperatures examined. Further-
more, the phase transition became vague by the addition
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Fig.1. Changes in Maximum Splitting Values (2T)) of 5-SASL (a) and
the Rotational Correlation Times (r.) of 16-SASL (b) in the DMPC
Membranes as a Function of Temperature

(@), DMPC alone; (A), DMPC containing 33.3mol% of Monol; (O), DMPC
containing 33.3mol% of Chol.

of Monol or Chol, corresponding to a reduction in
cooperation during the transition. The extent of the
packing or condensing effect was markedly enhanced at
temperatures higher than the phase transition temperature
(T,). These observations were consistent with the results
reported on DMPC-Chol and DPPC—Chol systems. '3 717

The spectra of 16-SASL incorporated into DMPC
membranes reflected an isotropic motion of the acyl-chain
of DMPC. In this case, the rotational correlation time, 7.,
of the motion of the phospholipid acyl-chains near the
hydrophobic end can be estimated from the linear term
of the line width parameter in the ESR spectra as the
following Eq. 1'¥:

1, =6.5x 107104 Ho[(ho/h+ )" + (ol —1)"* =2] )

where 4H, is the peak-to-peak width of the central line
in gauss, and & 4, ho and h_, are the heights of the low-,
central- and high-field peaks, respectively. Figure 1b shows
the changes in 7, calculated from the ESR spectra of
16-SASL incorporated into the DMPC membranes con-
taining 33.3mol% of Monol or Chol as a function of
temperature. As can be seen from Fig. 1b, the phase
transition became vague with the addition of Monol or
Chol. It should be noticed that below Ty, the addition of
Monol decreased the t, values, indicating that Monol
relaxes the lipid close-packing or has a fluidizing effect on
the acyl-chains near the hydrophobic end of DMPC
membranes. On the other hand, above T, the addition
of Monol increased the 1, values, indicating that Monol
increases the packing of phospholipids or has a condensing
effect. Such effect is attributable to the formation of
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Fig. 2. Arrhenius Plots of log 1/t vs. 1/T for 16-SASL Incorporated
into the DMPC Membranes

(@), DMPC alone; (A), DMPC containing 33.3mol% of Monol; ((1), DMPC
containing 33.3mol% of Chol.

Table 1. Thermodynamic Parameters for the Rotational Motion of
16-SASL Embedded in Various DMPC Membranes

E, AS* AF*
Membrancs (keal/mol) (cal/mol-degree) (kcal/mol)
DMPC 7.9 8.0 5.5
DMPC-Monol (4:2) 5.6 —-0.8 5.8
DMPC-Chol (4:2) 43 -50 5.8

specific Monol-DMPC complexes.

Figure 2 represents Arrhenius plots of the data shown
in Fig. 1b. From this figure, the activation energy, E,, of
the rotational motion of the nitroxide moiety of 16-SASL
in the DMPC membranes containing Monol or Chol was
calculated (Table 1). The value of E, for the DMPC
membranes is in fair agreement with the value reported
by Subczynski ez al.'3? Tt is obvious that the addition of
Monol or Chol decreased the values of E, and activation
entropy change, AS*; the addition of Monol or Chol
decreased the value of E,, corresponding to a decrease in
rigidity, and decreased also the value of 4S8 * correspond-
ing to an increase in order.

Effects of Hopanoids on BPL Membranes To further
investigate the effects of hopanoids on phospholipid
membranes, similar experiments and analysis for Monol-,
Tetrol- and Chol-BPL membranes were carried out. The
addition of Tetrol or Chol increased the values of 27,
in the BSR spectra of 5-SASL incorporated into BPL
membranes, indicating a condensing effect of Tetrol or
Chol on the membranes near the polar head groups (data
not shown). The BPL membranes did not show any phase
transition at the temperatures examined (20—60°C). On
the other hand, Monol decreased the 27T}, value. Thus,
Monol has a fluidizing effect on BPL membranes. Figure
3 shows changes in the ratio of the peak height in the ESR
spectra of 16-SASL incorporated into the BPL membranes
as a function of temperature. A decrease in the value of
h,/h, suggests a condensing effect on the membranes.
The results shown in Fig. 3 were consistent with those
observed in the ESR spectra of 5-SASL. The values of the
effective correlation time were calculated also from Eq.
1 under various conditions. From the Arrhenius display
of these data, the values of the thermodynamic parameters
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Fig. 3.
(b) or Chol (c) as a Function of Temperature

Changes in the Peak Height Ratio in the ESR Spectra of 16-SASL Incorporated into the BPL Membranes Containing Monol (a), Tetrol

Content of hopanoids or Chol: (@), 0mol%; (O), 20mol%; (A), 33.3mol%; ([1), 42.8 mol%.

Table 2. Thermodynamic Parameters for the Rotational Motion of
16-SASL Embedded in Various BPL Membranes

Membranes E, 48* ar
(kcal/mol) (cal/mol-degree) (kcal/mol)

BPL 5.8 0.7 5.6
BPL-Monol 4:1 6.0 09 5.7
4:2 5.9 0.7 5.7

4:3 6.3 2.2 5.6

BPL-Tetrol 4:1 49 —2.6 5.8
4:2 49 —-2.6 5.8

4:3 44 —42 5.8

BPL-Chol 4:1 5.6 —-0.6 5.7
4:2 43 -52 5.7

4:3 32 -89 5.7

were calculated for the BPL membranes containing
0—42.8mol% of hopanoids or Chol. The results are
collected in Table 2. The effects of the addition of Tetrol
or Chol on BPL membranes are similar to those of Monol
or Chol addition on DMPC membranes.

Discussion

Influences of Hopanoids on the DMPC or BPL Mem-
branes In the present study, it was observed that the
effects of Monol and Tetrol on DMPC and BPL mem-
branes are similar to those of Chol, respectively. Pre-
viously, we reported that Monol and Chol enhanced the
stability of the DPPC membranes,°*? and that Tetrol
showed a decrease in membrane fluidity near the polar
head groups below T,,.'°? Near the hydrophobic end of
the bilayer, Monol incorporated into the DPPC mem-
branes showed a fluidizing effect below T, (40°C),
but no effect above T,. Near the phospholipid head
groups, Monol had a condensing effect above T, but no
effect below T,,. On the other hand, the effects of Chol
on the fluidity of the DPPC membranes were similar to
those on the DMPC membranes, consistent with the many
previous reports.*31%:29 Further, when about 20mol%
of Monol was incorporated into the DPPC membranes,
the stability of the liposomal membranes was reduced, and
the fluidity of the membranes increased drastically.!%®
Such a peculiar effect of Monol was not observed in the
DMPC and Tetrol systems. The influences of Monol and
Tetrol on the fluidity of the DPPC membranes were
strongly dependent on both the temperature and the

distance from the membrane surface. The association
between hopanoids and phospholipids was unusually in-
fluenced by the acyl-chain length of the phospholipids.

Monol and Tetrol are highly similar to Chol in molecular
dimensions.3** The pentacyclic ring system and hydroxyl
group at the side chain makes the molecule amphiphilic
in character. The hopanoid ring system should extend to
the acyl-chain ends of phospholipids, with the hydroxyl
group at the side chain forming a hydrogen bond with the
phospholipids polar head group. Thus, hopanoids have
an inverted orientation in the phospholipid bilayers
compared to Chol.>? The hopanoid ring system, however,
has six perpendicularly oriented methyl groups on both
sides of the pentacyclic ring plane. These methyl groups
may disturb optimum molecular packing with acyl-chains,
resulting in the fact that the influence of Monol and Tetrol
on membrane fluidity depends on the acyl-chain length.
On the other hand, two methyl groups of sterol are directed
to only one side of its ring system. Consequently, the
molecular packing of the sterol ring with acyl-chains is
not highly influenced by the acyl-chain length. The results
shown in Table 2 support such a consideration, because
the BPL used in this study consists mainly of vaccenic
acid, 12-methyl-2-hydroxytridecanoic acid, palmitic acid,
and myristic acid, with phosphatidylglycerol, phosphati-
dylethanolamine and cardiolipin as polar groups (un-
published data).

Thermodynamic Effects of Hopanoids on the Phospholipid
Membranes It is assumed that the segmental motion of
carbon atoms near the hydrophobic end is approximately
isotropic. The motions under the various conditions are
well reflected in the 16-SASL signal.*3® Thus, we can
consider qualitatively the effects of additives on the basis
of the values of the thermodynamic parameters estimated
from the ESR spectra of 16-SASL. The data shown in
Tables 1 and 2 are apparently not self-consistent. Such
somewhat surprising results were also reported for
carotenoid-DMPC and Chol-dioleoylphosphatidylcho-
line systems by Subczynski et al.'*” and Kusumi and
Pasenkiewicz-Gierula,?! respectively. These results reflect
that fluidity, in the normal sense, refers to the rate of
motion but not to the ordering of the molecular system.2?
The relations between the two quantities can be interpreted
as follows:

There are two types of molecular contributions of
phospholipids to the liquid phase structure. One is an
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intermolecular contribution and the other is intramo-
lecular. The overall changes in the rigidity of the phos-
pholipid membranes result from the complex formation
between phospholipids and Monol, Tetrol or Chol. The
complex may cause a reduction in the degree of free-
dom of rotation of carbon—carbon bonds in the acyl-
chains. The activation energy, E,, is correlated to a
wobbling diffusion of the phospholipids in the membranes.
Therefore, the decrease in the E, value indicates that the
addition of Monol (in the DMPC system), Tetrol (in the
BPL system) or Chol does not induce a concomitant
decrease in molecular mobility near the hydrophobic
end.?¥ In other words, Monol, Tetrol or Chol have a very
small effect on the lateral or rotational diffusion motion
of a phospholipid. This is the intermolecular contribution
to the thermodynamic properties.

On the other hand, the decrease in the value of the
activation entropy change, 4S*, results from an increase
in the acyl-chain conformational order.?? It seems that
the order of acyl-chain conformation depends on the
position in the chain. That is, the rotational motion of
16-SASL is strongly influenced by the segmental motion
which comes from gauch-trans isomerization of the acyl-
chain. Monol (in the DMPC system) and Chol suppress
the gauch-trans isomerization, resulting in the small value
of AS*. This is the intramolecular contribution. Thus, it
can be said that Monol (in the DMPC system), Tetrol (in
the BPL system) and Chol have an ordering influence on
the phospholipids in the bilayer, but have little effect on
the dynamics in the membrane.?® As seen from the results
of Monol in the BPL system, the above mentioned effects
are strongly dependent on alkyl-chain length, unsatura-
tion, and the mole fraction of additives.?V

These special effects of hopanoids and Chol are em-
bodied by the appearance of a p-phase. According to
Vist and Davis,?* three distinct phases can be identified
in the Chol-DPPC system. They are the L,- or liquid
crystalline, gel- and pf-phases. The L,-phase is char-
acterized by highly flexible phospholipid chains with a
rapid axially symmetric reorientation. The f-phase is a
high-Chol content phase in which lipid chains are highly
ordered, but in which there is a rapid translocational and
axial rotational motion of the lipid molecules comparable
to those of the L -phase. The appearance of the f-phase
can also be expected in the DMPC-Monol, DMPC-Chol,
BPL-Tetrol and BPL-Chol systems.*> 1723 The rapid
axially symmetric reorientation of lipid chains in the
p-phase and L -phase is reflected in the small values of
E,. Such a consideration is consistent with the thermo-
dynamic and microscopic interaction model proposed by
Ipsen et al.2®

Comparing the results obtained in this study with those
in the previous study, it becomes apparent that hopanoids
have both a Chol-like function in membranes, but a very
different effect from Chol on the membranes. Although
the influences of hopanoids are strongly dependent on the
kind of phospholipids involved, the thermodynamic effects
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observed in this study should approximate hopanoid-
phospholipid interactions in the membranes of prokar-
yotes, because Tetrol and BPL are considered to be
natural products.

References

1) Yeagle P. L., Biochim. Biophys. Acta, 822, 267—287 (1985).

2) Sahm H., Rohmer M., Bringer-Meyer S., Sprenger G. A., Welle
R., Adv. Microbiol. Physiol., 35, 247—273 (1993).

3) a) Rohmer M., Bouvier P., Ourisson G., Proc. Natl. Acad. Sci.
U.S.A., 76, 847—851 (1979); b) Rohmer M., Bouvier-Nave P.,
Ourisson G., J. Gen. Microbiol., 130, 1137—1150 (1984); ¢) Rohmer
M., Ourisson G., J. Chem. Res. (S), 1986, 356—357.

4) Hermans M. A. F., Neuss B., Sahm H., J. Bacteriol., 173, 5592—
5595 (1984).

5) a) Poralla K., Kannenberg E., Blume A., FEBS Lett., 113, 107—
110 (1980); ) Kannenberg E., Poralla K., Blume A., Naturwissen-
schaften, 67, 458—459 (1980); ¢) Kannenberg E., Blume A.,
McElhaney R. N., Poralla K., Biochim. Biophys. Acta, 733,
111—116 (1983); Kannenberg E., Blume A., Geckeler K., Poralla
K., ibid., 814, 179—185 (1985); e) Kannenberg E., Blume A.,
McElhaney R. N., Poralla K., Chem. Phys. Lipids, 39, 145—153
(1986).

6) Mabrey S., Sturtevant J. M., Methods in Membrane Biology, 9,
237—274 (1978).

7) McElhaney R. N., Chem. Phys. Lipids, 30, 229—259 (1982).

8) Benz R., Hallmann D., Poralla K., Eibl H., Chem. Phys. Lipids,
34, 7—24 (1983).

9) Bisseret P, Wolff G., Albrecht A.-M., Tanaka T., Nakatani Y.,
Ourisson G., Biochem. Biophys. Res. Commun., 110, 320—324
(1983).

10) a) Nagumo A., Takanashi K., Suzuki Y., Chem. Pharm. Bull.,
39, 1889—1891 (1991); b) Nagumo A., Sato Y., Suzuki Y., ibid.,
39, 3071—3074 (1991); ¢) Nagumo A., Takanashi K., Hojo H.,
Suzuki Y., Toxicol. Lett., 56, 309—313 (1992); d) Nagumo A.,
Ishida F., Kamei T., Suzuki Y., Chem. Pharm. Bull., 40, 1332—
1334 (1992); e) Chen Z., Sato Y., Nakazawa 1., Suzuki Y., Biol.
Pharm. Bull., 18, 477—480 (1995).

11) Bligh E. G, Dyer W. J., Can. J. Chem. Physiol., 37, 911—917
(1959).

12) Szoka F., Papahadjopoulos D., Proc. Natl. Acad. Sci. U.S.A., 75,
4194—4198 (1978).

13) a) Kusumi A., Subczynski W. K., Pasenkiewicz-Gierula M., Hyde
J. S., Merkle H., Biochim. Biophys. Acta, 854, 307—317 (1986);
b) Subczynski W. K., Markowska E., Gruszecki W. 1., Sielewiesiuk
J., ibid., 1105, 97—108 (1992); ¢) Subczynski W. K., Markowska
E., Sielewiesiuk J., ibid., 1150, 173—181 (1993).

14) Hubbell W. L., McConnell H. M., J. Am. Chem. Soc., 93, 314—
326 (1973).

15) Mabrey S., Sturtevant J. M., Proc. Natl. Acad. Sci. U.S.A., 73,
3682—3866 (1976).

16) Delmelle M., Butler K. W., Smith I. C. P., Biochemistry, 19,
698—704 (1980).

17) Cornell B. A., Keniry M., Biochim. Biophys. Acta, 732, 705—710
(1983).

18) Berliner L. J., Methods Enzymol., 49, 466—470 (1978).

19) Marsh D., Biochim. Biophys. Acta, 363, 373—386 (1974).

20) Jacobs R., Oldfield E., Biochemistry, 18, 3280—3285 (1979).

21) Kusumi A., Pasenkiewicz-Gierula M., Biochemistry, 26, 4407—
4415 (1988).

22) Seelig A., Seelig J., Biochemistry, 13, 4839—4845 (1974).

23) Lindblom G., Johansson L. B.-A., Arvidson, G., Biochemistry,
20, 2204—2207 (1981).

24) Vist M. R., Davis J. H., Biochemistry, 29, 451—464 (1990).

25) Scott H. L., Biophys. J., 59, 445—455 (1991).

26) Ipsen J. H., Karlstrom G., Mouritsen O. G., Wennerstrom H.,
Zuckermann M. J., Biochim. Biophys. Acta, 905, 162—172 (1987).

NII-Electronic Library Service





