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Abstract

As variance from standard phospholipids of eubacteria and eukaryotes, archaebacterial diether phospholipids contain
branched alcohol chains (phytanol) linked to glycerol exclusively with ether bonds. Giant vesicles (GVs) constituted of
different species of archaebacterial diether phospholipids and glycolipids (archaeosomes) were prepared by electroforma-
tion and observed under a phase contrast and/or fluorescence microscope. Archaebacterial lipids and different mixtures of
archaebacterial and standard lipids formed GVs which were analysed for size, yield and ability to adhere to each other due
to the mediating effects of certain plasma proteins. GVs constituted of different proportions of archaeal or standard
phosphatidylcholine were compared. In nonarchaebacterial GVs (in form of multilamellar lipid vesicles, MLVs) the main
transition was detected at T,,=34. 2°C with an enthalpy of AH=0.68 kcal/mol, whereas in archaebacterial GVs (MLVs) we
did not observe the main phase transition in the range between 10 and 70°C. GVs constituted of archaebacterial lipids were
subject to attractive interaction mediated by beta 2 glycoprotein | and by heparin. The adhesion constant of beta 2
glycoprotein | — mediated adhesion determined from adhesion angle between adhered GVs was in the range of 108 J/m?.
In the course of protein mediated adhesion, lateral segregation of the membrane components and presence of thin tubular
membranous structures were observed. The ability of archaebacterial diether lipids to combine with standard lipids in
bilayers and their compatibility with adhesion-mediating molecules offer further evidence that archaebacterial lipids are
appropriate for the design of drug carriers.
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Introduction

The archaebacterial phospholipids and glycolipids are structur-
ally different from those of bacterial and eukaryotic membranes,
being diphytanyl glycerol diether compounds [1-4] in which
1sopranoid chain alcohols are linked to glycerol by ether bonds. In
some archaeal microorganisms the phytanyl chains can combine
and form biphytanyl chains which link to two glycerols (or to one
glycerol and one nonitol) forming tetraether bipolar (bolaform
amphiphilic) lipids. While diether lipids assemble in bilayers,
tetraether bipolar lipids constitute monolayer membranes. Figure 1
illustrates two basic types of archaeal lipids: diphytanyl glycerol or
archaeol and so called caldarchaeol. The ether bond and the
almost complete absence of unsaturation in the hydrophobic tail of
lipids of archaebacteria are considered adaptive traits of micro-
organisms which are able to thrive in harsh or extreme
environments, such as saturated salt solutions [5], anoxic [5] or
highly oxidized [6] conditions and hot waters [5,7]. A different set
of life-fundamental enzymes are involved in archaebacterial lipid
biosynthesis [8]. Also, different chirality of the glycerol phosphate
moiety [3] protects them against hydrolysis by phospholipases
secreted by other organisms [9]. These properties could be of
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advantage in using archaebacterial lipids in human and veterinary
medicine and are therefore a subject of increasing interest.

The role of archaebacterial lipids as vaccine adjuvants [10-12]
and the possibility to use liposomes constituted of archaebacterial
lipids as delivery system of drugs, genes and proteins [7,13]
provides an incentive to study interactions between archaebacter-
ial and eukaryotic lipids, as well as to study the effect of different
biologically important molecules on the mediated interactions
between membranes composed of different lipid species.

Liposomes prepared from the lipid extracts of archaebacteria
(archaeosomes), constituted of mixtures of various polar lipids,
have been used in reconstitution studies [14,15], in the study of the
characteristics of membrane permeability [16] and as a delivery
system in the immune response to specific antigens [10,13,17]. It
has been shown that archacosomes can endure extreme temper-
atures [18,19] and resist extreme alkaline-baso-acidic and non-
archeal enzyme degradation [19].

Giant lipid vesicles with the dimensions of living cells (GVs) are
appropriate for study of properties and interactions of lipids. The
advantage of using GVs is that they are large enough to be
observed in real time under the phase contrast microscope or
fluorescent optical microscope. GVs made of standard lipids of
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Figure 1. Basic archaeal lipid constituents. Archaeol and caldarchaeaol.

doi:10.1371/journal.pone.0039401.g001

bacterial and eukaryotic membranes (also named in the following
as non-archaebacterial lipids) were thoroughly studied experimen-
tally [20-29] and theoretically [30]. In studying complex
interactions between membranes constituted of standard phos-
pholipids and proteins, it was found that certain plasma proteins
mediate attractive interaction between membranes thereby
causing close contact between GVs [31,32], which is an essential
step in some biologically important processes such as fusion and
fission of vesicles with the mother membrane.

Until now studies involving GVs composed of archaebacterial
lipids have mainly considered tetracther bipolar lipids in monolay-
ers. Bagatolli et al. [25] have reported that GVs composed of
archaeal tetraether lipids can be formed by the electroformation
method, while Cavagnetto et al. [33] studied GVs composed of lipid
fractions extracted from the thermophilic archaeobacterium
Sulfolobus solfataricus mixed with eukaryotic lipids.

It is of interest to further study GVs composed of archae-
bacterial lipids and their interactions with the molecules in the
surrounding solution. In the present work we have studied the
GVs constituted of bilayer-forming archaeal diether phospholipids
and glycolipids extracted from halophilic microorganisms inhab-
iting hypersaline environments, such as coastal salterns and
continental salt lakes. We describe the shape and size of GVs
constituted of different pure archaebacterial diether phospholipids
and glycolipids and of mixtures of archaebacterial and non-
archaebacterial lipids, by changing the proportions of membrane
constituents. Besides assessing the population of GVs for average
size and yield, GVs were used to study the mediating effect of two
biologically important molecule species that act as anticoagulants
and were previously studied in non-archaebacterial GV systems.
These molecules are beta 2 glycoprotein I (B2-GPI), which is
commonly found in the pheripheral blood of vertebrates and acts
as a cofactor in binding certain antibodies to negatively charged
lipids [34,35], and heparin which is also known for its anti-tumour
progression effect [36,37].

Materials and Methods

Chemicals

Synthetic lipids 1-palmitoyl- 2-oleoyl-sn-glycero-3-phosphocho-
line (POPC, catalogue number 850457), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC, 850355), plant cholesterol (Ch, 700100),
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cardiolipin sodium salt (710335), phosphatidyl serine (PS, 840034)
and archaeal phosphatidyl choline (aPC, 4ME 16:0 Diether PC 1,2-
di-O-phytanyl-sn-glycero-3-phosphocholine) (999984) were from
Avanti Polar Lipids, Inc., Alabaster, AL, USA.

Archeabacterial lipids, sulfated diglycosyl diphytanylglycerol
diether (S-DGD-5), phosphatidylglycerophosphate methyl ester
(PGPMe), bisphosphatidylglycerol (BPG) and phosphatidylglycerol
(PG) were isolated and purified from cultures of the extreme
halophilic archaebacteria Hbt salinarum and Halorubrum sp MdS1 as
previously described [4]. P2-GPI was from Hyphen BioMed,
Andresy, France, low molecular weight heparin nadroparin
calcium (Fraxiparine Forte, 19.000 Ul AXa/ml) was from
GlaxoSmithKline, London, UK and 10-N-nonyl acridine orange
(NAO, A7847) was from Sigma-Aldrich, St. Louis, MO, USA.

Preparation of GVs

Preparation of GVs and experiments were performed at room
temperature (23°C). GVs were prepared by the modified electro-
formation method [38]. Lipids were dissolved in a 2:1 chloroform/
methanol mixture at 1 mg/ml. Lipids were combined in different
proportions to examine and compare the effect of lipid composition
on the shape of GVs. The exact proportions of lipids are given in
Results section. 10 pl of the lipid mixture was applied to each of two
platinum rod-shaped electrodes (approximate length 4 cm and
diameter 1 mm). The electrodes were left in a low vacuum for 2 h
for solvent to evaporate. The lipid-coated electrodes were then
placed in a microcentrifuge tube filled with 2 ml of 0.2 M sucrose
solution, to constitute an assembled electroformation chamber. An
AC electric potential with an amplitude of 5 V and a frequency of
10 Hz was applied to the electrodes for 2 h, which was followed by
2.5V and 5 Hz for 15 min, 2.5V and 2.5 Hz for 15 min and
finally I V and 1 Hz for 15 min. After electroformation, 1800 pl of
sucrose solution containing GVs and 3 ml of 0.2 M glucose solution
were pipetted into a 5 ml plastic microcentrifuge tube which was
sealed with parafilm. Vesicles were left to sediment and stabilise at
room temperature for 1 day. For fluorescent staining of GVs, 1 ul of
10-N-nonyl acridine orange (NAO) in 0.5 uM ethanol solution was
left to evaporate in an observation chamber shielded from light.
50 wl of GVs in sugar solution was added into the chamber and left
for 2-3 minutes shielded from light for NAO to bind to lipids before
observation. GVs were created in sucrose and washed by equimolar
glucose so that they were heavier than the surrounding solution and
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Figure 2. Structural characterisation of archaeosomes. Measurement of GVs' size (A,B), effective angle of contact between adhered GVs (C)

and GVs' yield (D).
doi:10.1371/journal.pone.0039401.g002

sank to the bottom of the observation chamber. This made the
observation easier.

Observation of GVs

GV shapes and adhesion between GVs were observed with an
inverted microscope (Axiovert 200, Carl Zeiss AG, Oberkochen,
Germany). 65 pl of the solution with sedimented vesicles was
collected from the bottom of the tube by a pipette and inserted
through a circular opening into a 70 ul CoverWell™ Perfusion
Chamber (Grace Bio-Labs, Bend, OR, USA). The sample was left
for 10 minutes for sedimentation of GVs. After sedimentation,
digital micrographs of GVs were taken.

@ PLoS ONE | www.plosone.org

For experiments examining the adhesive effect of the added
substance, 5 ul B2-GPI (65, 130, 650, 975 and/or 1820 pg/ml), or
5 ul fraxiparine (diluted in 0.2 M glucose to 50 AXa/ml) were
added to the solution of GVs into the perfusion chamber. Images
of GVs were taken at different times, starting immediately after
addition of fraxiparine to GVs. In the case of B2-GPI concentra-
tion-dependent adhesion of GVs, images were taken in the
timespan of 10 minutes starting 30 minutes after addition of B2-
GPI to GVs. Images were acquired along the horizontal axis of the
perfusion chamber.

Observation of GVs labeled with NAO was performed 3-15
minutes after the addition of NAO to the suspension of GVs. The
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Figure 3. Determination of the adhesion angle. Geometrical parameters of adhered GVs which are needed to assess the adhesion constant as

described in the text.
doi:10.1371/journal.pone.0039401.g003

excitation wavelength was 500 nm, while the emission wavelength
was 535 nm. The exposure time was 1 second.

Preparation of Multilamellar Lipid Vesicles (MLVs)

0.5 mg of dried lipid (aPC or DPPC) was dissolved in
chloroform/methanol mixture (2:1, v:v) and transferred into
round-bottomed glass flasks. The solvent was evaporated
under reduced pressure (17 mbar). 0.2 M glucose:sucrose
5:3 vol:vol solution was added to dried lipid films to obtain
a suspension with final lipid concentration of 0.5 mg/mL.
To yield MLVs the suspension was transferred into a glass vial
and incubated for 2 hours at 45°C with vortexing every
10 min.

Differential Scanning Calorimetry (DSC)

The phase transition of MLVs prepared from aPC and DPPC
lipids in 0.2 M glucose:sucrose 5:3 vol:vol solution was performed
using the Nano DS series III calorimeter (Calorimetry Science,
Provo, UT, USA). The sample was transferred into the
calorimetric cell and repeatedly heated/cooled in the temperature
range from 10°C to 70°C. The heating/cooling rate was 1°C/min.
The first DSC scan was used to obtain the phase transition
temperature, 7., the excess specific heat, <¢,> and the enthalpy
of the phase transition, AH. Subsequent two scans were used to
assess the reversibility of the phase transition. The data were
analyzed using the OriginPro software (V. 8.1., OriginLab
Corporation, Northampton, USA).

@ PLoS ONE | www.plosone.org

Assessment of Populations of GVs and of Mediated
Interaction between Membranes

The average size of GVs within the population was measured by
assessment of the dimensions of images recorded using Image ]
software (V. 1.45 s, NIH, Bethesda, MD, USA). All GVs in the
chosen frame were assessed for size. Most of GVs have a globular
form (Fig. 2A). The size of such GV was estimated by measuring
the linear extension of the cross section, &, as shown in Fig. 2A.
The size of elongated GVs was estimated by measuring the
dimension at an angle of 45 degrees with respect to the semiaxes of
the cross section (Fig. 2B). Since only a few of the measured GVs
had an elongated shape, the choice of the dimension parameter is
assumed to have a minor effect on the conclusions.

To assess the adhesion between GVs after the addition of 2-
GPI, clearly visible effective angles of contact between the adhered
GVs (Y) were measured using Image J software (Fig. 2C).

GVs yield was determined as the proportion of the image
surface covered by cross sections of GVs, which was estimated by
> ialdi/ 2)%, where the summation was performed over all vesicles
in the image, and divided by the entire surface of the image xy,
where x and y are the width and the height of the image (Fig. 2D).

Assessment of Mediated Interaction between
Membranes

The adhesion constant between a pair of adhered GVs y was
determined according to a recently developed method [39] based
on the measurement of adhesion angle ¢, (Fig.3),
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Figure 4. Phase contrast microscope images of archaeosomes composed of different archaebacterial lipids. GVs composed of pure
archaebacterial lipids as indicated in individual panels. The arrows in panel C show relatively small crystal-like structures found at the bottom of the
chamber. The lower panel D shows a larger crystal-like structure found at the bottom of the observation chamber.
doi:10.1371/journal.pone.0039401.g004
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Figure 5. Phase contrast microscope images of archaeosomes composed of different mixtures of archaeabacterial lipids.
Archaeosomes composed of different mixtures of archaebacterial lipids as indicated in individual panels. Panel A shows different regions in the same

observation chamber.
doi:10.1371/journal.pone.0039401.g005
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Figure 6. Effect of lipid composition on GVs size. Average size of
GVs composed of pure archaebacterial lipids and mixtures of different
archaebacterial lipids (A) and of mixtures of non-archaebacterial and
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indicated. Dependence of the average GVs size on the proportion of
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doi:10.1371/journal.pone.0039401.g006

@ = arctan (M) + arctan (M>), (1)
where 1\41 = Blcl/ACI and 1M2 = BQCQ/ACQ, while BICI, ACI,
BoCy and AC, are geometrical parameters depicted in Fig.3. To

assess the adhesion constant y, we have used the dependence of
the parameter M,

M = tan(p,/2) 2

on the reduced adhesion constant

@ PLoS ONE | www.plosone.org

Properties and Mediated Fusion of Archaeosomes

—
X 40
<
k=]
2 20 4
>
[&] 00w b O 2202 300|]|0 3OV
n.gn.n.ngn'gmi's.s.in.n.n.gn.n.o
CTO00GQQ0 ea00 a2 00 e
L0000 L,0000 w22
Seguuoanrliilils)Roord
LR ¥R |8 "Ny
¢ S8 s
$e9RSBEZERIB LT 92484
Ti2000 O Goo00| Q0=
So0%%% x 5552 =328
= &
FPEr e D o2l g8
o oo @ cooa® --og
® @ n in © W W ,, (& I
o o 9 “UE
o =o =t
© T &
s n'g = &
B o5 = 2
0 aw o .1t ©
w = a0 ~ g
813 2
ini 0, o
lipid components (w %) 2
a [=]
o w
=
o
el

*
C >
¢ aPC
& POPC

0 25 50 75 100
PC (w %)

Figure 7. Effect of lipid composition on GVs electroformation
yield. Yield of GVs composed of pure archaebacterial lipids and
mixtures of different archaebacterial lipids (A) and of mixtures of non-
archaebacterial and archaebacterial lipids (B). Dependence of yield on
the proportion of phosphatidylcholine in the lipid mixture (C). Lines
represent best fits of data.

doi:10.1371/journal.pone.0039401.g007

yr=yA/x, (3)

where K is the membrane bending constant and A is the area of each
vesicle [39] which was calculated by assuming mirror symmetry of
interacting vesicles while vesicle shapes were determined by
minimization of the membrane free energy [39]. Axial symmetry
of vesicles was assumed which means that the adhered vesicles have
shapes similar to spheres with truncated caps. The parameter M
depends on the relative volume of adhering vesicles,

v="61'2V /432, 4)

where V'is the vesicle volume.
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The relative volume of the GV is estimated as a volume of the
truncated sphere with radius R (Fig. 3) and height of the spherical
cap h, divided by the volume of the entire sphere,

v=1—h*(BR—h)/4R%, (5)

while the area of the vesicle is

A=4nR* —h?. (6)

As the adhesion angle was found to show a statistically significant
correlation with the effective angle of contact Y [39], we used the
effective angle of contact Y to assess the mediated interaction on a
population of GVs. To assess the effect of p2-GPI on the adhesion
between GVs, we included all clearly visible effective angles of contact
between the adhered GVs. We used Image J software (Fig. 2C).

Statistical Analysis

The populations of GVs were characterized by the average
values and standard deviations (SD) of the vesicle dimensions and
contact angles calculated with MS Excel (V. 14.0.6112.5000, 32-
bit, Microsoft Corporation, Redmond, WA, USA) and OriginPro
(V. 8.5.0, OriginLab Corporation, Northampton, MA, USA)
software. The statistical significance corresponding to differences
between groups of GVs with different lipid compositions (p value)
was calculated by the t-test using SPSS software. To determine the
connection between variables, linear dependences were assumed
and represented by the slope. The statistical significance of the
correlations were represented by the Pearson coefficient (r ) and
the corresponding probability (p) expressing the statistical signif-
icance of the correlation. MS Excel and SPSS (V. 20.0, IBM
Corporation, Armonk, NY, USA) software tools were used.

Results

Morphology of GVs
We successfully created GVs composed of single species of
archaebacterial phospholipids (lipid structures and images in

@ PLoS ONE | www.plosone.org
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Fig. 4), mixtures of different archaebacterial phospholipids and
glycolipids (Fig. 5) and mixtures of archaebacterial and non—
archaebacterial lipids in various proportions. In particular, in
Fig. 4, GVs constituted of pure archaeal phosphatidylcholine
(aPC, from Avanti Polar Lipids) and three (non-commercial)
anionic lipids isolated and purified starting from the total lipid
extract of an archaeon of the genus Halorubrum, are shown;
phosphatidylglycerol-phosphate-methylester (PGP-Me) and the
sulfoglycolipid (S-DGD-5) are generally present in high propor-
tions in the membrane; while BPG is present in various
proportions depending on the experimental conditions [40,41].
Representative image in Fig. 4A shows numerous GVs obtained
from aPC and less numerous vesicles in the preparations of the
negatively charged S-DGD-5 and PGP-Me (Fig. 4 B,C). Small
crystal-like structures were found in pure PGP-Me GVs (Fig. 4C,
marked by arrows). Attempts to create GVs from pure BPG (the
archaeal analog of cardiolipin) were unsuccessful; only singular,
irregularly-shaped GVs were found (Fig. 4D, top), but many larger
(around 20 pm), rounded, crystal-like structures were observed
(Fig. 4D, bottom).

Fig. 5 shows GVs composed of low proportion (20%) of anionic
archaeal phospholipids and glycolipids and zwitterionic aPC or
phosphatidylcholine (POPC), in particular, GVs containing S-
DGD-5 (A and B) or PGP-Me (C and D). Also GVs constituted
only of negatively charged archaebacterial lipids, present in the
same proportions as found in archaea of the genus Halorubrum
(55% SDGD5: 30% PGPMe : 15% PG) were created (Fig. 5E).

After addition of NAO to GVs, we observed flourescence in
GVs composed of 60% POPC: : 20% cholesterol with either 20%
cardiolipin or 20% S-DGD-5, 70% POPC : 20% cholesterol :
10% BPG, 60% POPC : 20% cholesterol : 20% PGP-Me and
80% S-DGD-5: 20% BPG. We observed no fluorescence in 80%
POPC : 20% cholesterol GVs (data not shown).

Statistical analyses of GVs size and yield are shown in Figs. 6
and 7. The average size of GVs in populations with different lipid
compositions (in particular, a different content of archaebacterial
phosphatidyl choline (aPC)) are shown in Fig. 6A, B. Pure aPC
and POPC formed GVs of average size 18*4 pm and 50+25 um,
respectively. In GVs created of POPC and cholesterol the average
size was 43+ 18 um, while the addition of archaebacterial
phospholipids in general caused a decrease in the average size of
GVs (Fig. 6C), i.e., the average size was positively correlated with
the weight % of POPC with the slope equal to 0.87 um per weight
%. The correlation was statistically significant (r=0.625,
p<<0.0001). Also in GVs created from aPC the average size of
GVs decreased (Fig. 6C), i.e., the size was positively correlated
with the weight % of aPC, however with smaller slope (0.18 pm
per weight %). The correlation was statistically significant
(r=0.16, p<0.0001). The average size of GVs constituted of
negatively charged archaebacterial lipids, present in the same
proportions as found in archaea of the genus Halorubrum (55%
SDGD5: 30% PGPMe : 15% PG) was 19£9 um which does not
differ from the average size of vesicles composed of aPC
(19%5 um, p=0.3).

The GV yield (proportion of the area of cross sections of GVs
which covers the micrograph frame) is given in Fig. 7. The yield
increased with the weight % of aPC (Fig. 7C) with the slope equal
to 0.79% coverage per w% aPC, r=0.52, p=0.039. Also in GVs
composed of mixtures of archaebacterial lipids and non-archae-
bacterial lipid POPC, the yield increased with the weight % of
POPC (Fig. 6C) with the slope 2.29% coverage per w% aPC
(r=0.87, p=0.16) whereas the yield of 60% POPC : 20%
cholesterol : 20% cardiolipin GVs was similar as in the analogue
system composed of 80% aPC : 20% BPG (47% versus 38%,
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Figure 9. Heparin-induced adhesion of archaebacterial GVs. A sequence of images taken at different times showing gradual adhesion of
archaebacterial GVs (composed of 25%BPG and 75% aPC) after the addition of fraxiparine to the suspension of GVs.

doi:10.1371/journal.pone.0039401.g009

respectively), (Fig. 7A,B). In GVs composed of lipids in similar
proportions as found in archaea of the genus Halorubrum, the yield
of GVs was much smaller than in GVs composed of pure aPC
(11% versus 99% ) (Fig. 7A).

DSC Measurement of MLVs

The DSC scan (dependence of the excess specific heat at
constant pressure <(;,> on the temperature) of MLVs composed
of aPC shows a single relativetly low and wide peak (AT full width
at halfl maximum, FWHM=7.6°C) at T,,=34.2°C with
AH=0.66 kcal/mol K (Fig. 8) while the DSC scan of MLVs
composed of DPPC shows two narrow peaks pertaining to the
main transition at T, =40.9°C with AH =6.59 kcal/mol K and
FWHM=1.8°C, and the pretransition at T,,=35.5°C with
AH =0.68 kcal/mol K and FWHM =4.3°C (Fig. 8).

Mediated Interaction Study
We observed a fraxiparine-mediated interaction between
archaebacterial lipid-containing GVs (Fig. 9). After addition of

@ PLoS ONE | www.plosone.org

5 ul fraxiparine (diluted in 0.2 M glucose), GVs composed of 75%
aPC : 25% BPG adhered to each other in the timescale of minutes.
The average contact angle between the vesicles increased with
time, reflecting the increase of the area of contact between the
vesicles. After the addition of fraxiparine, an increase of
membrane permeability to glucose and saccharose was observed
in some GVs as a fading of the phase contrast halo (which is the
consequence of a different optical density of the GV’s interior
(0.2 M sacharose) with respect to its exterior (a mixture of 0.2 M
saccharose and 0.2 M glucose)).

B2-GPI - mediated attractive interaction between GVs was
observed in a timescale of minutes (Fig. 10A,B) while adhesion to
the bottom of the observation chamber took place, similarly as in
heparin-induced adhesion [37]. Curvature-induced lateral segre-
gation of membrane constituents (Fig. 10C) and thin tubular
structures (Fig. 10D) were also observed. The average effective
angle of contact between GVs (Y) increased with increasing p2-
GPI concentration (Fig. 11) in all GV systems with different
phospholipid compositions. The slope of the median contact angle

July 2012 | Volume 7 | Issue 7 | e39401
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Figure 10. f2-GPl-induced effects on archaebacterial GVs. The effects of 2-GPl on GVs: adhesion (A and B) and lateral segregation of
membrane constituents of GVs composed of archaebacterial lipids (S-DGD-5, PGP-Me and PG in proportions 55:30:15) (C, marked by arrows). Due to
binding of proteins to the membrane, tubular protrusions of GVs (composed of S-DGD-5, aPC, PGP-Me and PG in proportions 25:30:30:15), which are
otherwise too thin to be observed by the phase contrast microscope, become visible (D, marked by an arrow). The lengths of all bars are 20 um.

doi:10.1371/journal.pone.0039401.g010

as a function of f2-GPI concentration was 0.318 degrees per mg/
ml of B2-GPI (r=0.68 and p =0.005).

We estimated the adhesion constant y of 13 pairs of GVs which
adhered due to the mediating effect of B2-GPI (Tab. 1). For
membrane bending constant we used the value in the range of
values obtained for different eukaryal lipids (1.75x10~ " J) [42—
47]. The average value of ¥ was 2.6x10™%J/m? with SD
1.8x107% J/m? (Tab. 1) while Pearson coefficient of the
correlation between y and the effective contact angle was 0.598
with statistical significance p =0.018.

Discussion

Using the electroformation method we created GVs composed
of pure archaebacterial lipids and of different mixtures of
archaebacterial and non-archaebacterial lipids.

Previous studies considered lipid extracts composed of
all lipid components of the membrane, of phospholipids and
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phosphoglycolipids (especially bipolar tetraether lipids) [9,15,16]
and also mixtures of tetraether lipids with standard lipids
[33]. Recently, it has been shown that liposomes consisting of
diether lipids isolated from hyperthermophilic archaea Aeropyrum
pernix have many physicochemical properties similar to those
composed of tetraether lipids [48]. Novelty of our work is that the
vesicles are giant and that they have been prepared by mixtures
of non commercial individual archaeal lipids isolated and purified
in our laboratory, including pure negatively charged dicther
lipids.

It is of interest to compare archaeal and non-archaeal (standard)
lipids, when possible. In general, the archaeal analog of standard
lipids (archaeal PC versus standard PC (POPC for example)) have
the same headgroups but different chains; other examples are
archaeal PG versus standard PG and archaeal BPG versus
standard BPG (i.e. cardiolipin). Pure glycolipid GVs or glycolipid
rich GVs might be important in clinical applications because of
their adjuvant properties [10].
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Figure 11. p2-GPl-induced adhesion of non-archaebacterial
GVs. Effective angle of contact between the adhering GVs (Y) as a
function of B2-GPI concentration.
doi:10.1371/journal.pone.0039401.g011

We studied the influence of lipid composition on the size and
yield of these GVs.

In general, phosphatidyl choline GVs were the largest and most
abundant while addition of other species decreased the size and
the yield of GVs both, archaeal and non-archaeal systems. Vesicles
constituted of aPC were smaller than vesicles constituted of POPC.
As the polar heads of aPC and POPC are identical, the effect can
be attributed to the lipid tails. It seems that branched chains
increase the curvature. The proportions of the areas of headgroups
and chains determine the prefered curvature [49]. Larger area
pertaining to headgroups with respect to the area pertaining to the
chains implies larger curvature, so it is indicated that branched
chains are more compactly packed in the bilayer. Low yield of
GVs composed of a lipid mixture similar to that present in natural
membranes of microorganisms of Halorubrum genus could be a
consequence of the absence of salts in the medium, since ions in
the medium are important in stabilizing vesicles composed of
negatively charged lipids.

BPG was unfavourable for creation of GVs within the given
electroformation method. This is in agreement with our attempt to
create GVs of cardiolipin within the same electroformation
method, which had been unsuccessful previously [50]. We found
only singular GVs in the sample obtained from BPG while many
crystal-like particles were observed. The question remains whether
these singular GVs were actually composed of remnants of other
lipids on the electroformation electrodes. According to Israelach-
vili [49], lipid self-assembly results from the balance of interaction
free energy, entropy and molecular geometry which determines
local and global shape of a vesicle. The concept of Israelachvili was
further elaborated by including orientational ordering of mem-
brane constituents [51,52]. The flexibility and reorientational
mobility of cardiolipin is impaired which favours highly aniso-
tropic membrane curvature and enhances the propensity of
cardiolipin to form strongly curved non-lamellar phases [53] (such
as inverted hexagonal and cubic phases which can also be present
in other lipid systems [54,55]).

Bagatolli et al. [25] have previously used archaeal tetraether
lipids to prepare GV:s for the study of configuration of fluorescence
probe Laurdan in the membrane composed of the polar lipid
fraction E (PLFE) from the thermoacidophilic archaebacteria
Sulfolobus acidocaldarius. They have observed spherical vesicles while
it was previously found that the majority (95%) of GVs created by

@ PLoS ONE | www.plosone.org

1

Properties and Mediated Fusion of Archaeosomes

this method are unilamellar [20]. In our samples, albeit prepared
with the same method, there was a considerable proportion of
nonspherical or multilamellar vesicles, some of them enclosing
obvious internal structures. Also in our samples GVs appear
spherical immediately after the formation. However, we per-
formed experiments the next day. Until used, the suspension with
vesicles was left for sedimentation in the gravity field to increase
the concentration of GVs at the bottom of the tube. As almost all
vesicles have attached remnants of the nanotubular network which
1s formed in electroformation and torn when GVs are rinsed from
the observation chamber, with time, the difference between the
areas of the outer and the inner membrane layer decreases and
attached nanotubes become thicker and shorter. Eventually, they
are integrated in the mother vesicle which becomes flaccid and
subject to stronger flickering. As the process continues, invagina-
tions appear and are internalized by the mother vesicle to finally
yield globular vesicles with numerous internal structures. This
process is common in GVs created by electroformation [56]. As
many GVs composed of archaebacterial lipids had internal
structures, it is indicated that after the formation they are
presented with a large pool of membraneous nanostructures
attached to GVs. Also, the portion of GVs with obvious internal
structures was on the average larger for smaller GVs and for GVs
with larger PC content (not shown).

The mixture of lipids in solvent was applied to the electro-
formation electrodes manually, which may have resulted in an
uneven distribution of lipid in different areas. Further, lipid
segregation can occur during the electroformation as lipids of a
certain species have preference for a given curvature and respond
differently to the AC electric field. A nonuniform lateral
distribution of lipid species may contribute to the heterogeneity
of GVs in the population.

In determining the GV vyield, both, the GVs’ size and their
number have to be taken into consideration. Also, there are several
layers of GVs, while the focus of the microscope is on the cross
section revealing a single layer. Another method to assess the GV
yield would be the use of flow cytometry for counting GVs [57].

Different lipids in mixtures used for creation of GVs have
different (temperature dependent) solubility properties in the
organic solvents used for lipid storage. The electroformation
method was performed at room temperature for all the lipid
mixtures. To attain a greater yield of GVs composed of lipids with
a higher gel to liquid crystalline phase transition temperature,
different electroformation temperatures should be considered,
however, it should be taken into account that polar lipid
membranes of archaea are assumed to be in the liquid crystalline
phase over a wide temperature range 0-100°C.

GVs were examined by applying the fluorescent marker NAO
which was considered to bind selectively to cardiolipin, but was
recently shown to also bind to other archaebacterial lipids [58].
Our observations confirm that binding of NAO to lipids is not
cardiolipin-specific.

We have used the differential scanning calorimetry to determine
the transition temperature of lipid vesicles prepared from pure
aPC and from its non-archeal structural analogue DPPC. DSC
was performed on MLVs, since we were not able to produce a
sufficient amount of GVs to reach the the required lipid
concentration for measurement with DSC. However, the curva-
ture of most membranes in MLVs as well as in GVs can be
considered very small and therefore both systems can be
considered as equivalent in this respect. The DSC scan of MLVs
composed of aPC showed one relativetly low and wide (barely
recognisable) peak while the DSC scan of MLVs composed from
DPPC showed two well defined peaks corresponding to the main

July 2012 | Volume 7 | Issue 7 | e39401



Properties and Mediated Fusion of Archaeosomes

L00¥ LOY6£00"3U0d [eWINOf/L L€ L0 L:10P
"uoneIASP plepuels - S ‘(s3a163p) Jled AD palaype JO SIPIS Y10g UO 1DBIUOD JO S3|6UB DANDRYS - € DY 'OV ‘(,W/rg_0L) JURISUOD uoIsype- A ‘(,w,_0Ll) SAD Yi0q JO Sease adeuns
- 2y ‘Ly ‘Jue1sU0D uoisaype padnpal - ‘A ‘(z/(LYd+Vd)) uel -  ‘snipes [enba yum aiayds paresuniun Jo swN|OA 01 dAIIR[AI AD JO SBWN|OA - TAL ‘LAl ‘DbeIaAR - AR ‘(s93169p) Jied AD paJaype Jo sapIs Yy1oq uo sajbue uoisaype - ¢V ‘Vd

YLl 9oL an L'l 9'l 0'C 9l 096 €0 0’0 0'0 0’0 L's 6's L's as
¥'v0L 6'c0L "0l 9'C ¥'C 0'e 144 €'95C 9'C 60 6'0 60 6'8€L [VA3} 6'8€L ‘ne
L'€olL 1’26 £'s0lL 8Ly 9s'L 68'L 95l (VA4 [4:24 S6'0 96'0 S6'0 6'tyl 6'8€1L 6'tyl el
ovlLL 9’0l ovLL 68'L 14%4 15 1T Ls¢ 9 S6'0 S6'0 ¥6'0 X474} L'EEL ¥a4} Tl
s'zol S'LLL s'zol Se'L 6Ll'S (454 61'S 6S€ €9'C $6'0 S6'0 96'0 0'8€lL 6'8€1L 0'8¢€l Ll
y'otlL L'l 14°4} 76'€ [4 4! [4%4 (44 G8¢€ LY'E £8'0 06'0 ¥8'0 Syl [WA4H Syl ‘oL
0'80L L'%01 0'80L SP'l 09'C 18'€ 09'C S9T 06'C 060 L6'0 880 [4ra4! 9Lyl [ara4! 6

£'66 'olL £'66 760 9'€ LS ¥9'€ 6CC 1L'c 760 ¥6'0 160 L'EL (444} L'PEL 8

096 L'z6 0'96 990 L9V 0€'2 L9V 144 19'C €6°0 ¥6'0 760 L'ovL 6'SEL L'ovlL L
Y'yLL (WA v'yLL 1243 ¥6'0 [44 ¥6'0 [4%4 89'C 760 €6'0 760 g'orL v'LEL g'ovL 9
L'zLL 0'8LL L'zLL ¥s's 86'0 780 860 18T 96'C 680 680 060 'orlL 6L v'orl 'S

€86 L'v6 €86 18 10 950 170 SEL L1'T S6'0 96'0 ¥6'0 Y'1EL 9'6TL y'LEL v
€01 €86 €01 LT'€ 86'0 080 86'0 £L91 (344 ¥6'0 ¥6'0 S6'0 Tyl '8t Tl €

4

9'96 £'soL 9'96 wil [4%4 349 [4%4 144 €€t £6'0 86'0 96'0 L'eel g'eel L'€EL T

€LL 008 €LL w'o 8L's 16 8L's Lzl [4%4 96'0 96'0 96'0 88Tl L'oglL 8'8TlL L

(s93463p) (so34b63p) (s93463p) (;w/rg_0L) (;wg_OL) (;wg_0L) (;wg_0L) L W AN°Ae ZAA LAA (se@a4b63p) (so34b63p) (s93469p)
DvIAe “va ‘ova 4 v'Ae 2y 'y Yorae oo LYo

"IdD-zg 01 anp pasaype siied AD €| O} SIURISUOD UOISAYPE pue sidldweied [EILIDWOID) | d|gel

@ PLoS ONE | www.plosone.org

July 2012 | Volume 7 | Issue 7 | e39401

12



phase transitions and the pretransition (Fig. 8). The observed
minuteness of the single peak in aPC may contribute to higher
yield of aPC GVs comparing to DPPC by electroformation at the
room temperature (data not shown).

The attractive interaction between archaebacterial and non-
archaebacterial membranes can be mediated by the same
molecules as in eukaryotic membranes so the archacosomes could
approach the cell membrane very closely which is a prerequisite
for the interaction and uptake of archacosomes by the cell to take
place. We have studied the effect of two relevant molecules (beta 2
glycoprotein I and heparin) and found that they both act similarly
in mediating attractive interaction between archaeal and standard
membranes. Since mediated interaction mechanisms are non-
specific [32] (they derive from the charge distribution in the
membrane surface, the shape of mediating molecules and charge
distribution within them [59-61] and on the preferential
orientation of water molecules near the membrane [62]), we
assumed and finally have shown that the mediated interaction
between the GVs composed of archaebacterial lipids takes place.
The mechanism of the interaction is based on the minimization of
the collective free energy of the membrane and of the adjacent
solution which depends on the orientational ordering of molecules
with internally distributed charge (e.g., protein and water
molecules) in spatially varying electric field. In archaeal mem-
branes effects similar to the ones observed in non-archaeal
membranes were expected since the headgroups which essentially
determine the electric field in the vicinity of the membrane are
similar in archaeal phospholipids and in non-archaeal phospho-
lipids. As the fusion of vesicles with target cells is a possible
mechanism of drug delivery into the cells, it is of relevance to show
that blood proteins can promote adhesion or fusion between
vesicles constituted of archaebacterial lipids and of mixtures of
archaebacterial and standard lipids. This is especially important
since it was found that archaeal liposomes do not fuse easily in
conditions which are physiological in vertebrates [63]. Archacal
lipids are in some respect different from non-archaeal ones while
in other respects they are similar. This ambivalence could be an
advantage, as archacosomes should be more resistant to enzymes
and still be able to interact with the host membrane and perform
the delivery. Without the latter, high resistance of archacosomes
would be of no benefit.

Adhesion of phospholipid membranes has been a subject of
thorough experimental and theoretical research as it represents an
essential step for biologically important processes such as endo-
and exo-cytosis and fusion of cells [64,65]. In particular, these
processes are important for the efficiency of drug delivery by
liposomes. Experimental studies on lamellar membrane stacks by
osmotic stress method, microscopy studies and micropipette
aspiration (reviewed in [64,65]) yielded the adhesion constants
between 10~% and 10~ * J/m?, which is much larger than what we
have obtained by the interaction mediated by B2-GPI (of the order
of 107%J/m?. In contrast, a method which is based on a
minimization of the contact area theoretical description of
adhesion [66],

1/2
1/R=(2y/x)'", (M
where 1/R is the contact curvature, yields values in the same range
References
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as our results; in these experiments the contact curvatures obtained
from micrographs were of the order of 1/10 pm [67,68]. It is
evident that there is large scattering of data on 7y obtained by
different methods, mostly due to different experimental techniques
used, which implies also different experimental systems. In our
opinion, systems of lamellar stacks and interactions with non-
membranous materials reveal important physical properties of
membranes and adhesion, however, they are further from realistic
to be used for drug-delivery systems comparing to systems
consisting of populations of adhering GVs observed live by the
optical microscopy. Further, studying mediated interaction
between GVs includes suggesting models of mediated interaction
which are basic for manipulating adhesion. Based on the structure
of B2 glycoprotein I and its binding to phospholipid membranes
[69-71], a bridging interaction was suggested as a mechanism of
B2 glycoprotein I-mediated adhesion between GVs [59]. The
hydrophobic part of the molecule is inserted into the membrane
while the other part with a positively charged region is sticking out
and can form a bridge with the membrane of another negatively
charged vesicle [59]. In the case of heparin, the relevant
mechanism is suggested to be orientational ordering of heparin
which bears spatially distributed charge [60-62]. This interaction
is nonspecific and it does not involve chemical binding of
molecules. It could be described as an entropic effect. The
membranes do not touch, but are driven very closely together. The
distance is smaller than a nanometer, and the area of the contact is
maximized, so the effect is interpreted as an adhesion. Both,
archaeal and standard lipid GVs satisfy the conditions in which
such interaction takes place (they form surfaces between which the
mediating molecules are confined) and additionally, both may
have charged headgroups, or spatially distributed charge on the
headgroups, so they are similar in this respect.

We found statistically significant (p=0.018) correlation
(r=10.598) between the measured adhesion constant y and the
measured average effective angle of contact Y which justifies the
use of the effective angle of contact Y in analysis of the effect of
mediating molecules on GV adhesion. Namely, the effective angle
of contact Y is considerably less time consuming and also more
convenient for assessment of a large number of contacts.

Conclusion

Archaebacterial lipids and mixtures of archaebacterial and
standard lipids readily form GVs. The ability of certain archeal
lipids to form GVs in pure form corresponds to the ability of
nonarchaeal structural homologue lipids to form GVs. Archaeal,
standard and mixed GVs are subject to weak interaction mediated
by certain constituents of human blood plasma due to orienta-
tional ordering of mediating molecules with internally distributed
charge. Mediated adhesion of archaeal vesicles with eukaryotic
membranes and an increased resistance of archaeal vesicles to
eukaryotic enzymes indicate that archaeal lipid vesicles are
potentially superior to standard lipid vesicles as drug carriers.
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