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Abstract

This article describes a comparative study of several bipolar lipids derived from tetraether
structures. The sole structural difference between the main two glycolipids is a unique
stereochemical variation on a cyclopentyl ring placed in the middle of the lipids. We discuss
the comparative results obtained at the air/water interface on the basis of tensiometry and
ellipsometry. Langmuir-Blodgett depositions during lipid film compressions and
decompressions were also analyzed by AFM. The lactosylated tetraether (bipolar) lipid
structures involved the formation of highly stable multilayers, which are still present at 10
mN.m"' during decompression. This study suggests also that the stereochemistry of a central
cyclopentyl ring dramatically drives the conformation of the corresponding bipolar lipids.
Both isomers (trans and cis) adopt a U-shaped (bent) conformation at the air/water interface
but the trans cyclopentyl ring induces a much more frustration within this type of
conformation. Consequently, this bipolar lipid (zrans-tetraether) undergoes a flip of one polar
head-group (lactosyl) leading to a stretched conformation during collapse.
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Introduction

Multilayer or monomolecular lipid films are not only suitable systems to characterize interactions of biomimetic amphiphilic
molecules but they are also involved in the production of nanotechnological devices for instance.[1-6] For this purpose a
well-defined architecture (composition, structure, orientation and thickness) is required. Preforming monomolecular films at
the air/liquid interface using a Langmuir trough allows fine understanding of film behavior by a precise control of physical
parameters such as surface pressure and temperature. Multilayered films can result either of successive monolayer transfers
on solid supports (Langmuir-Blodgett or Langmuir Schaeffer) or of spontaneous formation upon compressing beyond the
collapse pressure before transfer. In addition to physical parameters, the structure of the amphiphiles studied at the air/water
interface has a profound impact on the physical properties of the corresponding films. Among the lipid family, the case of
bipolar lipids (bolaamphiphiles), which add a covalent bond between the two hydrophobic domains to conventional
monopolar lipids, is of particular interest.[7-10] Indeed this type of structure enlarges the variety of possible applications.[7,
9] For instance during the past few years, our research group and others[11-17] has been involved in the synthesis of bipolar
lipids with the aim to increase the efficiency of drug/DNA delivery systems[18-20] and to establish as far as possible the
closest structure/property relationships.[19, 21-24] Most of synthetic bolaamphiphilic lipids prepared so far involved a single
hydrophobic chain devoid of stereogenic centers, which limited the number of fundamental studies on the effect of
stereochemical variations on the packing properties of such unconventional lipids.[8-10] However, the original bipolar
tetracther lipids originating from archaca organisms[25-28] bear about 20 stereogenic centers that would play a role on the
lipid packing properties within natural membranes or synthetic films. Indeed the tetracther lipids are usually (but not always)
macrocyclic and based on isoprenoid chains including 0 to 8 cyclopentyl rings (Figure 1). They are known to be responsible
for the remarkable stability and low permeability of archaeal lipid membranes under harsh conditions in terms of pH and



temperature for instance.

Thus archaeal lipid analogues appear to be appropriate candidates for a fundamental study devoted to the determination of
the impact of stereochemical variations on bipolar lipid packing. One question often asked when studying bipolar lipids is the
ability of these lipids to adopt a stretched or a bent conformation as shown on figure 1. Therefore, one can legitimately
wonder how a single stereochemical variation would influence conformational preferences (stretched or bent) and global
properties of corresponding lipid films.
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Fig. 1. Example of natural archaeal tetraether, Stretched and bent conformations of bipolar lipid

We designed and synthesized bio-inspired archaeal lipid analogues that kept the main features of natural tetraether lipids.
Due to the simplification of the synthetic route, our analogues include 10 stereogenic centers and a unique central cyclopentyl
ring. However they can be considered as relatively good models for such a fundamental study on the effect of stereochemical
variations. In addition this type of analogue is currently under investigation for the preparation of efficient drug or gene
delivery systems for which physicochemical evaluations are useful.[20, 29]

In more details, the hydrophobic domain is based on a 34-carbon atom chain including a central cyclopentyl ring and two
glyceryl moieties at both ends (Figure 2). The glyceryl groups are further equipped with two sterereocontrolled phytanyl
chains and two lactosyl polar head groups (4 and 5) or simpler hydroxyl functions (3). Our synthetic route[23] permitted to
prepare different diastereoisomers that only differ in one stereogenic center at the central cyclopentyl ring (trans (3,4) and cis
(5)). We described herein a comparative air/water interface study of these tetraethers (3,4,5) in addition to the diether
(monopolar) counterparts (1 and 2).
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Fig. 2 Structure of synthetic archaeal analogues studied herein and CPK model of tetracther 4 and 5.



Tetraethers 4 and 5 have already been evaluated by CryoTEM (1 mg.mL™" in aqueous solution) and by SAXS (50 mg.mL™ in
aqueous solution). These previous results already demonstrated clear differences between these two diastereomers. In
summary, the trans-isomer 4 formed multilamellar vesicles at low concentration in water and surprisingly this lipid was not
sensitive to temperature increase (from 20°C to 100°C) keeping a L. phase during a sequential heating of a sample placed in a
SAXS capillary holder. The cis-isomer showed mainly unilamellar objects of various types (lamellae, irregular vesicles, ..).
When heating this isomer under the same conditions than the trans-isomer, it revealed two phase transitions (L.>L.2>Qy).
Therefore the cis-isomer has a higher conformational flexibility compatible with a L. Qy; phase transition for instance.

In the present study we wanted to evaluate further the behavior of these two isomers with the aim to raise our conclusions to
a molecular level and conclude on their preference for a stretched or a bent conformation. Tensiometric and ellipsometric
measurements during compression/expansion of Langmuir monolayers in addition to AFM studies of Langmuir-Blodgett
samples are known to provide important data about lipid packing organization and orientation at the air/water interface.[30-
33] Moreover, these techniques are sufficiently sensitive to reveal the slight stereochemical variation that distinguishes the
two bipolar lipids 4 and 5.

Experimental Section
Synthesis

General. The preparation of lipids 1, 3-5 have been described previously by our research group.[20, 23] All reactions were
carried out under a nitrogen atmosphere with dry, freshly distilled solvents under anhydrous conditions. Tetrahydrofuran
(THF) and diethyl ether (Et,0) were dried by passage over a column of activated alumina; dichloromethane (CH,Cl,) was
distilled over calcium hydride. All other reagents were used directly from the supplier without further purification unless
noted. Analytical thin-layer chromatography (TLC) was performed on 60 F,s4 silica gel non-activated plates. A solution of
5% H,SO, in EtOH or ultra violet fluorescence was used to develop the plates. Column chromatography was performed on
silica gel 60 H (5-40 pm). Nuclear magnetic resonance spectra were recorded at 400 MHz (‘H) and 100 MHz ('3C). For
CDCl; and pyridine-d’ solutions, the chemical shifts (8) are reported as parts per million (ppm) referenced to the appropriate
residual solvent peak. Coupling constants are reported in Hertz (Hz). Data are reported as follows: chemical shift
(multiplicity, coupling constants where applicable, number of hydrogen atoms, attribution). Abbreviations are as follows: s
(singlet), d (doublet), ¢ (triplet), ¢ (quartet), dd (doublet of doublet), dt (doublet of triplet), m (multiplet), bs (broad singlet).
High-resolution mass spectra (Accurate mass) were performed on a MS/MS-TOF mass spectrometer and are reported as m/z.
Accurate masses are reported for the molecular ion [M+Na]", [M+H]", or [M+].

Synthesis of diether 2. The introduction of a lactosyl group on 1, thereby accessing diether 2, has been achieved following a
procedure described previously[23] and as follow.

Synthesis of diether 2. Diether 1 (200 mg ; 1.0 equiv. ; 0.33 mmol), 2,3,6-tri-O-benzoyl-4-0O-(2,3,4,6-tetra-O-benzoyl-S-D-
galactopyranosyl)-a-D-glucopyranose trichloroacetimidate (1.22 g; 3.0 equiv. ; 0.99 mmol) were dissolved in CH,Cl, (40
mL). TMSOTT (5 % in CH,Cl, ; 121 uL; 0.1 equiv. ; 0.03 mmol) was added. After stirring 2 h at room temperature, the
reaction was quenched with sat. aq. NaHCOs, the precipitate was filtered out and washed with CH,Cl,. The filtrate was
concentrated under reduced pressure and purified by silica gel column chromatography (Cyclohexane/AcOEt 80:20) to give
glycosylated diether protected-2 (356 mg; 0.21 mmol) as whitish solid. Yield = 64 % ; R, = 0.3 (Cyclohexane/AcOEt
80:20) ; [a]p>’= +30 (c 1.2, CH;Cl) ; 'H NMR (CDCls, 400 MHz) & (ppm) : 0.67-1.72 (70H, m), 3.22 (2H, dt, J = 6.7, 1.9
Hz), 3.29 (2H, dt, J = 5.0 Hz), 3.34-3.40 (2H, m), 3.44-3.49 (1H, m), 3.49-3.54 (2H, m), 3.69 (2H, 2dd, J = 11.4, 6.6 Hz),
3.79-3.83 (1H, m), 3.84-3.86 (1H, m), 3.90 (1H, m), 4.25 (1H, t, J = 9.5 Hz), 4.48 (1H, dd, J = 12.2, 4.1 Hz), 4.58 (1H, dd, J
=12.1, 1.4 Hz),4.77 (1H, d, J = 7.9 Hz), 4.87 (1H, d, J = 7.9 Hz), 5.35 (1H, dd, J = 10.3, 3.4 Hz), 5.47 (1H, dd,J=9.9, 7.9
Hz), 5.59-5.73 (2H, m), 5.79 (1H, t, J = 8.2 Hz), 7.14 2H, t, J = 7.8 Hz), 7.21 (2H, t, J = 7.8 Hz), 7.28-7.35 (5H, m), 7.37-
7.43 (5H, m), 7.46-7.51 (5H, m), 7.54-7.63 (3H, m), 7.72 (2H, dd, J = 8.4, 1.4 Hz), 7.89-8.02 (11H, m); °C NMR (CDCl;,
100 MHz) § (ppm) : 14.1, 19.67, 19.74, 22.62, 22.68, 22.71, 24.3, 24.5, 24.8, 26.0, 26.9, 28.0, 29.4, 29.46, 29.52, 29.59,
29.64, 29.65, 29.67, 29.70, 30.2, 31.9, 32.78, 32.80, 36.9, 37.0, 37.3, 37.39, 37.41, 37.43, 37.47, 37.50, 37.53, 39.4, 43.5,
61.0, 62.4, 67.5, 69.1, 69.9, 70.39, 70.43, 70.63, 70.67, 71.4, 71.6, 71.7, 71.8, 72.91, 72.94, 76.0, 77.6, 77.7, 101.0, 101.4,
128.20, 128.23, 128.3, 128.53, 128.56, 128.62, 128.67, 128.9, 129.35, 129.42, 129.5, 129.60, 129.64, 129.65, 129.74, 129.76,
129.79, 130.0, 133.1, 133.2, 133.3, 133.36, 133.38, 135.5, 164.8, 165.1, 165.2, 165.37, 165.39, 165.6, 165.8. A solution of
sodium methanolate in MeOH (0.1 mol™ L ; 10.2 mL) was added to a solution of glycosylated diether protected-2 (335 mg ;
1.0 equiv. ; 0.15 mmol) in MeOH (16 mL) and CH,Cl, (13 mL). The resulting mixture was stirred at room temperature for 14
h and neutralized by adding Amberlite IR 120 resin. After filtration and concentration, the residue was purified by silica gel
column chromatography (CHCl3;/MeOH 90:10) to yield final diether 2 (166 mg ; 0.13 mmol) as white solid. Yield = 89 % ;
Ry = 0.08 (CHCI3/MeOH 90:10) ; [a]p®= -2.6 (¢ 1.1, CHCly/MeOH 80:20) ; '"H NMR (pyridine-d5, 400 MHz) § (ppm) :
0.91 (18H, m), 1.11-1.80 (52H, m), 3.48 (2H, dq, J = 6.9, 2.6 Hz), 3.69-3.73 (1H, m), 3.75-3.86 (3H, m), 3.87-3.91 (1H, m),
3.95-4.02 (2H, m), 4.06 (1H, t, J = 8.1 Hz), 4.13-4.18 (2H, m), 4.26-4.34 (3H, m), 4.41 (1H, dd, J = 10.9, 5.4 Hz), 4.45-4.57
(5H, m), 4.90 (1H, dd, J=7.8, 1.9 Hz), 5.11 (1H, d, J = 7.8 Hz); °C NMR (pyridine-d5, 100 MHz) & (ppm) : 14.7, 20.18,
20.24, 20.30, 23.1, 23.2, 23.3, 25.2, 25.5, 26.9, 28.6, 30.0, 30.2, 30.3, 30.4, 30.6, 32.5, 33.43, 33.46, 37.9, 38.01, 38.05,
38.10, 38.15, 38.18, 38.3, 39.9, 62.4, 62.6, 69.2, 69.3, 70.4, 70.5, 72.8, 75.0, 75.6, 76.9, 77.1, 77.6, 78.9, 79.0, 82.6, 105.2,



106.2. ; Accurate mass calcd for Cs; Hygo O13 Na (M+Na)™ 943.70541 found 943.7047.
Tensiometry/Ellipsometry

Experiments were performed with a computer-controlled and user-programmable Langmuir Teflon-coated trough (type
601BAM, equipped with two movable barriers of total surface 716 cm?, Nima Technology Ltd., England). Before starting
experiments, the trough was cleaned successively with ultrapure water (Nanopure-UV), ethanol and finally warm ultrapure
water. The trough was filled with water and isotherms were recorded to verify the absence of impurity. The temperature was
20°C. Lipids were dissolved in a 2:1 chloroform/methanol solution (v/v) at 0.3 mM. Lipids were spread over the clean
air/water interface between movable barriers using a high precision Hamilton microsyringe at a pressure of 0 mN m™. After
ten minutes to allow evaporation of the solvent, films were compressed by moving barriers at a rate of 18.6 cm?/min from
600 to 38 cm’. The film was then compressed continuously on the collapse until the minimal trough area. After a waiting
time of seven minutes, decompression was performed at the previous compression rate. Simultaneously to the surface
pressure, the ellipsometric angle A was recorded and both are presented versus the mean molecular area. The surface pressure
was measured following a Wilhelmy-plate method using a filter paper connected to a microelectronic feedback system for
surface pressure measurements. Values of surface pressure (1) were stable and recorded every 4 s with a precision of £0.2
mN m™'. Ellipsometry measurements were carried out with an home-made automated ellipsometer in a “null ellipsometer”
configuration.[34, 35] He—Ne laser beam (A= 632.8 nm, Melles Griot) is polarised with a Glan-Thompson polarizer and
reflected on the surface of the trough (incidence angle of 52.12°). After reflection on the water surface, the laser light passed
through a A/4 retardation plate, a Glan-Thompson analyser and a photomultiplier. The analyser angle, multiplied by two,
yielded the value of the ellipsometric angle (A) i.e., the phase difference between parallel and perpendicular polarisation of
the reflected light. The laser beam probed a surface of 1 mm?* and a depth in the order of 1 pm. Values of A were recorded
every 4 s with a precision of £0.5°.

Isotherms (7 or A as function to molecular area (A)) presented in the manuscript are representative of triplicated experiments.
The standard deviation on the values of the mean molecular areas was found to be + 2 A2 per molecule. All experiments were
performed at room temperature between 19 and 21 °C. The sub-phase is deionized milli-Q water at pH of 6.7.

In order to compare the behavior of film during the compression and the decompression, the surface elasticity defined by
Gibbs, from a priori considerations was calculated using:

E =-A(dn/dA)r [36, 37] (eq 1)
Atomic Force Microscopy

For imaging, the film was transferred to a freshly-cleaved mica support by Langmuir-Blodgett method. To avoid loss of
matter, the transfer was done at constant pressure and at a very low speed (0.5 mm min™"). The mica plate was then observed
with an atomic force microscope (Molecular Imaging, Picoplus, Scientec, France). Imaging was carried out using the
intermittent contact mode in air with standard silicon cantilevers (ACT, Nanoprobes, Scientec, France) and at a scan rate of 1
Hz. The force was adjusted to a minimum during the scan. To verify the integrity of the sample after the different scan and
zoom, the same zone was imaged at the end of the analysis. The scanner size was 100 um x 100 um. Presented images are
representative of duplicated experiments.

Results

Tensiometry/Ellipsometry. We started our investigation by studying the behavior of diether-OH 1 and trans-tetracther-OH
3 at the air-water interface. Tensiometric and ellipsometric data were collected during compression and expansion of the
corresponding Langmuir films. The surface pressure provides information on the lateral interaction between lipids upon
compression. The ellipsometric angle (A) is proportional to the reflexion index and therefore to the thickness of the lipid film.
The reflexion index can be considered constant during compression/decompression processes permitting to consider A as a
function of the film thickness.[38, 39] Surface pressure / area per molecule (7-A) and ellipsometric angle / surface pressure
(A-m) isotherms are shown on figure 3. The behavior of diether-OH 1 which has already been described is similar to other
bicatenar lipids.[22, 40] In contrast the trans-tetracther-OH 3 conduced to approximately twice lift-off and limiting area
values (Fig. 3, Table 1). Consequently, the bipolar lipid 3 adopts a bent-shape conformation at the air/water interface keeping
the two OH groups into the subphase. However, compared to our previous study [22] the absence of the oxygen atoms within
the hydrophobic core dramatically reduced the lift-off point value meaning that the tetraether lipid adopts a less opened-bent
conformation at this stage of compression. In fact the values obtained here are comparable to those obtained with natural
archaeal tetraether lipids.[41, 42] Surface pressures at collapse demonstrate that the monolayer composed of diether-OH 1 is
more stable than that of tetraether-OH 3. Indeed this observation can be due to less efficient lateral molecular interactions in
the case of the tetracther-OH 3, the presence of the cyclopentane decreasing the cohesive forces between hydrophobic
tails.[37] The ellipsometric data describe an initial increasing A at 0 mN.m™" which is related to the presence of molecules
forming a liquid expanded lipid film at the interface. Between 0 to collapse pressure the increasing value is related to the
lateral compression of the liquid expanded (LE) phase. The final sharp increase in A at collapse pressure for both diether-OH
1 and tetraether-OH 3, reflects a dramatic increase of the film thickness and implies the formation of a three dimensional
phase. Decompression of the corresponding three dimensional structures led to a slight hysteresis in the case of tetracther-OH



3. This loss of material would be related to the presence of 3D structures even after a full opening of the barrier. As the
ellipsometric angle corresponds to an average value of a small area of the Langmuir trough illuminated by the laser beam,
this hysteresis is difficult to observe on the A-m isotherm.
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Fig. 3 Compression/expansion isotherms of trans-tetracther-OH 3 and diether-OH 1 (30% of points shown).

The isotherms obtained with diether-Lact 2 and trans-tetracther-Lact 4 show comparable differences and characteristics
(Figure 4). The lift-off point of the trans-tetracther-Lact 4 is about the double of the value for diether-Lact 2 which is again
consistent with a bent conformation of the tetracther core. Compression after collapse led to the formation of three
dimensional structures as shown by the increase of A at collapse pressure on the A-w isotherms (Figure 4). The higher
pressures obtained at the collapse demonstrated a higher stabilization of monomolecular film formed by lipids equipped with
lactosyl polar head groups instead of simple hydroxyl functions. Surprisingly, the expansion step led to a high hysteresis
phenomenon for both diether (2) and tetracther (4) lipids, thereby demonstrating the difficult destabilization of the three
dimensional structures formed during collapse. The remaining of the three dimensional domains during the expansion is also
confirmed by the A-m isotherm (Figure 4). The diether-Lact 2 is characterized by a decreasing value of A upon
decompression that implies the disappearance of the three dimensional structures. The hysteresis is however no more
observed on the A-rt isotherm below 35 mN.m™'. In comparison, the tetraether-Lact 4 has a different thickness profile. Upon
decompression A varies from 10 to 20° which is consistent with the presence of more or less 3D structures. At about 10
mN.m™', A decreases regularly from 11 to 6° demonstrating a more homogeneous film thickness evolution. This part of the
data is associated with the plateau at 10 mN.m" found in the 7-A isotherm. Therefore, on both 7-A and A-x isotherms, the
hysteresis is larger in the case of the trans-tetracther-Lact 4 that required reaching 10 mN.m™ to recover the original
monolayer film. At this pressure the isotherm appeared as a slightly decreasing plateau corresponding to the recovering of the
original monolayer lipid film. Lactosyl and disaccharides in general are able to create strong hydrogen bond network between
two residues leading to a clear stabilization of monomolecular films.[43, 44] The formation of a hydrogen bond network in
the case trans-tetracther-Lact 4 is responsible for a lower limiting area and a higher collapse pressure value in comparison
with trans-tetracther-OH 3 (Table 1). The combination of this lactosyl head group with a tetracther hydrophobic core
dramatically amplified the stabilization of the so formed three dimensional structures. These 3D-domains are stable enough
to be maintained after the full decompression that leads to the loss of material observed at the end of the expansion process.
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Fig. 4 Compression/expansion isotherms of trans-tetracther-Lact 4 and diether-Lact 2 (30% of points shown, arrows correspond to
compression (full line) and expansion (dotted line)).

Tetraethers 4 and 5 differ only by the relative stereochemistry of the two stereogenic centers of the central cyclopentane ring.
We carried out the same investigations described before. The comparison of the results obtained from these two
diastereoisomers gives insights into the impact of this slight stereochemical variation. Globally, trans (4) and cis (5) isomers
revealed very similar shape of compression/expansion isotherms (Figure 5). This observation means that whatever the
stereochemistry of the cyclopentane ring, these tetracther glycolipids adopt a bent conformation as shown by the high area
per molecule values at lift points and limiting areas (Figure 5, Table 1). The A-m isotherms show similar shapes during
compression and formation of the 3D structures. Furthermore we studied the relaxation of the films at constant area on the
collapse by keeping the barriers immobile for seven minutes (Figure 5). During that time no disruption of the films appears,
only a slight pressure relaxation of %2 mN.m™ occurs. Interestingly, the compression/expansion of monomolecular films
composed of a 1:1 mixture of both isomers 4/5 (obtained by synthesis)[23] gave similar isotherms. However, beside the
similar shape of the compression/expansion isotherms, several slight differences revealed some characteristics of each
isomer.

The compression of the LE phase led to identical m-A isotherms whatever the isomer until 26 mN.m™. From this surface
pressure, the cis isomer follows compression at a same rate while the slope of the isotherm obtained for the frans isomer
increases significantly. Using equation 1, the surface elasticity is calculated between surface pressures of 27 and 39 mN.m™.
The values range from 84.8 to 93.5 mN.m™' for the cis isomer and 123 to 136 mN.m™' for the #rans isomer. Thus, the cis
isomer shows a higher compressibility than the frans one, which means that within a bent-conformation, the two sugar head
groups are closer in the case of the cis-isomer. This packing difference suggests a different orientation of the sugar head
groups and consequently the formation of different type of hydrogen bonding network between the sugar residues
(intramolecular or intermolecular for instance).

Using the decompression curve, the layer elasticity was calculated between surface pressure of 23 and 15 mN.m™" (just before
the decompression plateau). The frans-isomer elasticity values were comprised between 25 and 33 mN.m™ against 18-24
mN.m"' for the cis-isomer. This difference confirms that the lateral structure formed by the frans-isomer is more rigid or
more resistant to stress than that formed by the cis-isomer.

Another slight difference can be found in the shape of the plateau at around 10 mN.m™' during decompression. Indeed the cis
isomer 5 conduced to a perfectly horizontal plateau instead of the decreasing plateau exhibited for the trans isomer 4. A
horizontal plateau clearly corresponds to a single transition while a decreasing plateau implies at least two phenomena.
Therefore the three dimensional domains disorganized in different manner which also means that the two isomers do not
adopt the same conformation within the multilayers. Furthermore, at the end of the plateau during decompression, both
isomers recover the initial ellipsometric angle values of the monolayers.
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Atomic Force Microscopy. To complete the above thermodynamic data, we carried out Langmuir-Blodgett sampling at 20
mN.m"' (at constant pressure) on mica plates during both the compression and expansion stages. Upon compression, we
expected to confirm the absence of phase transition and at the decompression we expected to observe the three dimensional
domain and its disassembling permitting to gather information on their stability and on their mode of formation. The AFM
topography of the film transferred during the compression step gave flat and homogeneous surfaces (see ESI) for both
stereoisomers 4,5. This confirms that the two tetraecthers are in fluid state and adopt a homogeneous conformation within the
lipid film at that stage of compression. The AFM topographies obtained from samples prepared during expansion (20 mN.m"
') brought crucial information on the behavior of such tetraether lipids during the disassembly of structures formed during
collapse. These AFM topographies are shown on Figure 6. Interestingly, they revealed the presence of multilayers that are
partly disassembled at this surface pressure (20 mN.m™). It points out also the particular stability of the multilayers at such a
low surface pressure. The AFM topography recorded from the cis-isomer 5 is characterized by the presence of multilayer
domains with an apparent height of 7.5 nm. The surface of the layers is rather flat whatever the level considered (mono or
multilayer) and the partial disorganization observed at 20 mN.m™' is characterized by round shape dark domains (Figure 6a)
embedded in a discontinuous multilayer. Some round flat patches of higher height strewed the surface. Meanwhile the
topographies obtained from the trans-isomer 4 showed multilayers with a significantly smaller apparent height of 5-6 nm.
Rift-type dark domains are observed instead of the round shape domains and a clear roughness appeared on the surface of the
multilayers responsible for the height variation between 5 and 6 nm (Figure 6b, Line B, and zoom).* Both kinds of dark
domains were revealed on the topography obtained from the 1:1 mixture of isomers 4/5 (Figure 6¢). Moreover the height
difference (1.5 nm) is obvious on this topography (Figure 6c), thereby demonstrating coexistence of more or less thicker
domains within the multilayers.
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Fig. 6 AFM topographies of Langmuir-Blodgett sampling at 20 mN.m™' (expansion) (a) cis-tetraether-Lact 5, (b) trans-tetraether-Lact 4, (c)
trans/cis-tetracther-Lact 4/5.

Discussion

On the basis of the results described above, the main data gathered in table 1 and the schematic representation in Figures 7-9
permit to summarize the behavior of tetracther glycolipids 4 and 5 at the air/water interface.

Table 1 Main values recorded from the surface pressure/area per molecule isotherms and AFM studies (representative of triplicates).

Compounds Lift-off Limit. area st collapse Multilayer
point (A%) (A’+2 A*) (mN m™") Height (nm)
Diether-OH 1 92 58 27.7 -
Diether-Lact 2 103 54 49.3 -
trans-Tetraether-OH 3 179 138 21.3 -
trans-Tetraether-Lact 4 196 111 41.8 5-6
cis-Tetraether-Lact 5 203 104 40.6 7.5
Tetraether-Lact 4/5 210 117 42.0 7£1.5

First of all, comparison of molecules 1,2 and 3,4 confirms that the presence of lactosylated head group stabilized the
monolayer at the interface as shown by the dramatic increase of the collapse pressure for these compounds. In addition the
limiting areas of lactosyslated lipids are lower even if this polar head group is much bigger than the hydroxyl function.
Establishment of a hydrogen bonding network would explain the attraction between the head group and the film stability.

The pressure/area isotherms of tetracther lipids 4,5 are shifted to area values representing twice of those of diether
counterparts. This comparison demonstrates that the bipolar lipids adopt an opened-bent conformation lying on the water
surface at the beginning of the compression. This more or less flat conformation evolves to a fully bent conformation
between the lift-off point and the limiting area (Figure 7). Similar conclusions using different techniques have been drawn
from the study of Jeworrek et al.[45] and Bakowsky et al.[41]. Interestingly, both diastereomers 4 and 5 adopt this bent
conformation the main differences at this stage of compression are a higher compressibility of the cis-isomer S at a high
surface pressure (> 25 mN.m']). Indeed the cis-cyclopentyl ring is able to adopt a conformation under a constraining pressure
that places the two substituents (i.e., the two alkyl chains) close one to another (Figure 7). It reduces the distance between



head groups of a same molecule facilitating intramolecular hydrogen bonding establishment and leading to a lower limiting
area per molecule. The trans-cyclopentyl ring has almost a unique conformation allowing a bent shape of the lipid whatever
the stage of compression (Figure 7). This conformation brings the two alkyl chains to a higher distance one to another leading
to a potential change in the head group orientation and finally to a larger limiting area per molecule.

These observations mean that both isomers involved different preferences in the establishment of the hydrogen bonding
network between the sugar moieties depending on the global conformation of the lipid and directly related to the cis or trans
configuration of the cyclopentyl ring. This in mind, the main stabilizing factor involved in the organization of the cis-isomer
5 would be intramolecular interactions while intermolecular interactions would take place for the frans-isomer 4 (between
two sugar moieties).

Both isomers undergo the formation of multilayers during a further compression after the limiting area. The differences
found in the isotherms during the expansion step reveal a different behavior of the lipids during the collapse. Indeed, the
collapse mechanism can significantly disrupt the organization of lipid films.[46, 47] The process of collapse and the
transition of a monolayer to a three-dimensional phase are not yet well understood and depend on the studied molecules.[48]
Formation of multilayers beyond the air/liquid interface was reported in previous studies with phospholipids such as DMPC
(dimerystoylphosphatidylcholine) and DOPS (dioleoylphosphatidylserine)[49] or mixture of DPPC/cholesterol[46]. In these
studies the interfacial films were observed using a Brewster angle microscope. The images showed round shape
domains corresponding to multilayer formation. In contrast, bundles diving in the subphase were observed using the same
technique with DOPC (dioleoylphosphatidylcholine) and DOPG (dioleoylphosphatidylglycerol)[49] or 2-OH TCA (2-
hydroxy tetracosanoic acid)[50, 51]. In these cases, images do not show domains or well-defined structures. Our AFM
images show regular organization with well identified steps corresponding to the height of the different multilayers, thus we
are confident that the multilayers described here are formed on the top of the monolayer and not dive in the solution as
describe in figure 8 and 9.

Careful analysis of the data collected during expansion steps permits to identify the conformation of the tetraether lipids
within mono and multilayers. In more details the cis-isomer (5) shows a tendency to keep several levels of multilayer during
the decompression. The height between each step, which was measured by AFM, reaches 7.5 nm that corresponds to a
hydrated bilayer composed of two U-shaped lipids presenting the hydrophobic part outside (Figure 8). During the
decompression, the lipids, constituting the monolayer, open inducing the pressure dropping. A further expansion of the film
gives a reorganization of the multilayer statistically to the lower level until the formation of the original monolayer (plateau
at 10 mN.m™). It is noteworthy that a part of the lipids are kept within the multilayer after the plateau as a gap appears
between the end of the decompression and the beginning of the compression.
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Fig. 7 Representation of the tetraether lipid 4 and 5 films during compression.
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Fig. 8 Representation of the cis-tetraether lipid 5 films during collapse and expansion.
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The frans isomer (4) is characterized by similar m-A and A-m isotherms from which several significant differences arise.



Indeed the AFM of the sample transferred at 20 mN.m™' revealed a tendency of this lipid to preferentially retain only one step
corresponding to a bilayer (or trilayer if including the monolayer of the background) instead of several levels of multilayer.
Moreover this bilayer has a shorter height of 5-6 nm compared to the 7.5 nm found for the cis-isomer whereas the monolayer
have the same thickness for both isomers (see ellipsometric data on figure 5). In addition, we observed a clear roughness of
the surface of the bilayer (£1 nm). Again these differences find their origin in the frans configuration of the cyclopentyl ring
that constrains the lipid when adopting a bent conformation. The height thinning and the roughness are hard to be explained
by suggesting tilted lipids or difference in hydration. In fact the cis isomer 5 demonstrated already a higher hydration in
aqueous solution[23] but it cannot explain both the 5-6 nm and the roughness obtained for the trans-isomer 4. However, the
collapse disruption provides the opportunity to release the constrained bent conformation leading to a slight spacing of the
two sugar head groups. It then conduces to an interdigitation of the sugar head from one layer to another reducing the height
of the layers by approximately 1 nm (length of a lactosyl residue) (Figure 9). However, the sole interdigitation cannot
explain; 1) the appearance of the roughness and 2) the particular predominance of the trilayer compared to the other layers.
We assume that the lipid 4 flips one polar head group on collapse leading to a stretched conformation. The presence of this
conformation in mixture with U-shaped conformation impacts the bilayer in the two following ways. First it stabilizes the
trilayer, which explains the predominance of this layer for the frans-isomer on the AFM studies. Secondly, considering a
mixture with U-shaped conformation, it introduces different heights of layer which justifies the roughness of the trilayer
surface (Figure 9). Furthermore, the layer elasticity of the trans-isomer (4) calculated between 23 and 15 mN.m™" just before
the decompression plateau, was higher than for the cis-isomer (5). These higher values confirm that trans-isomer packing is
more rigid or resistant to stress than the structuration of the cis-isomer.

5-6 nm
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Fig. 9 Representation of the frans-tetraether lipid 4 films during collapse and expansion.

From a molecular point of view, the trans configuration of the cyclopentyl ring is compatible with a bent conformation of the
lipids. However, even if it permits to keep the sugar residues into the aqueous phase, this conformation induces an important
frustration within the hydrophobic domain. Indeed the lipid cannot undergo a high level of compression and consequently,
during the collapse and the formation of multilayers, the slight free space between the two sugar moieties becomes available
for a polar-head interdigitation and as soon as the lipid (5) has the possibility to adopt a less constrained stretched
conformation it prefers to flip one polar head group towards the next layer. The cis-isomer has a higher conformational bias
to orient the two alkyl chains towards the same direction favoring the bent conformation which is kept all along the
compression at collapse.

Conclusion

The comparative study of diether (monopolar) and tetraether (bipolar) lipids was achieved by Langmuir and Langmuir-
Blodgett/AFM experiments. Whatever the polar head groups, all bipolar lipids studied here adopted a bent conformation
during compressions of lipid films before limiting areas. It corresponds to a typical behavior of most of bipolar lipids.[12, 41,
42] However it is noteworthy that our synthetic bipolar glycolipids (lactosyl head groups) demonstrated abilities for the
formation of highly stable multilayers. Indeed a very low surface pressure (10 mN.m™) was required to observe a significant
disappearance of the multilayers. In addition to this original result we described also the effect of the variation of a single
stereogenic centers on the conformation of these bipolar lipids. Therefore the stereochemistry of a cyclopentyl ring (cis or
trans) placed in the middle of the hydrophobic domain of these bipolar glycolipids influenced the properties of the
corresponding films. Before collapse it slightly influenced the compressibility of the lipid films. At collapse pressures the
mechanisms of multilayer formation induced different molecular structuration. The frans isomer formed an interdigitated
polar head group network and it partially adopted a stretched conformation at the interface. The cis-isomer preferred to keep
a fully bent conformation within the multilayer organization and head to head interactions. These differences rely on the
stereochemistry of the cyclopentyl ring itself inducing more or less rigidity to the whole hydrophobic domain. This research
work complements other studies on the impact of cycolpentyl ring on lipid self-assembly,[52] adding insight into the impact
of the stereochemistry of such carbocycle on bipolar lipid behaviors. Our results gather also useful information for the design
of amphiphilic structures for the development of innovative self-assembled systems for application in drug delivery for
instance.[28, 29]

Acknowledgment

10



The Agence Nationale de la Recherche (ANR-09-JCJC-0034) is acknowledged for financial support and PhD grant to NT.
The Région Bretagne is acknowledged for PhD grant to AJ. FEDER, « Fond Européen pour le Développement Régional » is
acknowledged for financial support.
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1 Electronic Supplementary Information (ESI) available: AFM images of samling taken during compression of tetraether 4,5; Phase and
Amplitude AFM images of sampling taken during decompression of tetraether 4,5. See DOI: 10.1039/b000000x/
1 For a clear comparison of the rougness of the cis and trans-isomer samples, see phase AFM images in the ESI.
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