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ABSTRACT: The relative stereochemistry (cis or trans) of a 1,3-disubstituted cyclopentane unit in the middle of tetraether
archaeal bipolar lipid analogues was found to have a dramatic influence on their supramolecular self-assembly properties. SAXS
studies of two synthetic diastereomeric archaeal lipids bearing two lactosyl polar head groups at opposite ends revealed different
lyotropic behaviors. The cis isomer led to L.—L,—Qy; transitions whereas the trans isomer retained an L, phase from 20 to 100
°C. These main differences originate from the conformational equilibrium (pseudorotation) of 1,3-disubstituted cyclopentanes.
Indeed, this pseudorotation exhibits quite similar orientations of the two substituents in a trans isomer whereas several
orientations of the two alkyl chains are expected in a cis-1,3-dialkyl cyclopentane, thus authorizing more conformational flexibility

in the lipid packing.

B INTRODUCTION chemistry of their central cyclopentyl unit (Figure 1)."” These
Even if lipids are the most studied amphiphiles,1_6 stereo- bipolar molecules are characterized by a hydrophobic skeleton
chemical issues are still not fully understood. The main reason constructed around a bridging chain incorporating a central
is based on the fact that most of the lipids originating from cyclopentane unit. This carbocycle is 1,3-disubtituted by two
mesophile organisms bear linear or unsaturated alkyl chains linear chains that are both terminated by two stereocontrolled
devoid of stereogenic centers. However, some organisms such glyceryl moieties and two optically pure phytanyl chains. These

as archaea commonly involve lipids that include numerous
stereogenic centers in their hydrophobic domain. One of the
most remarkable archaeal lipids is characterized by a bipolar
structure based on a tetraether diglyceryl backbone (Figure
1).”~ Physicochemical studies have been performed on both
natural lipids and synthetic analogues; however, the role of the
1,3-disubstituted cyclopentyl rings, for instance, remains

tetraether structures are further equipped with lactosyl polar
headgroups to bring about an adequate hydrophilic/hydro-
phobic balance. Additionally, the presence of neutral sugar
headgroups instead of charged phosphorylated derivatives is
expected to provide a higher sensitivity of the self-assembly
properties of these glycolipids toward minor changes in their

unclear. 1911 hydrophobic cores such as the stereochemical variations we
As part of an ongoing research program that involved the describe hereafter.'®

synthesis of archaeal lipid analogues'>'* and the demonstration

of their possible applications,14_16 we recently published the Received: November 22, 2011

synthesis and preliminary cryo-TEM comparative studies of the Revised:  April 21, 2012

behavior of two identical bipolar lipids except the stereo- Published: April 30, 2012
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Figure 1. Structure of synthetic archaeal lipid analogues bearing a cis or trans 1,3-disubstituted cyclopentane ring and an example of a tetraether-type
archaeal membrane lipid (without a polar headgroup).

The cryo-TEM observation of aqueous solutions of these two B RESULTS
diastereoisomers demonstrated the importance of the stereo-
chemistry of the central cyclopentane. Briefly, at the same
concentration (1 mg mL™") and from the same preparation
method, the trans isomer showed multilamellar vesicles whereas
the cis counterpart led to nonspherical nanoobjects such as
lamellae.'” To gain further insight into the origin of these

The comparative behavior of tetraethers 1a,b in aqueous media
was characterized by SAXS experiments. The samples were
prepared by the hydration of lipid films at a concentration of
around 50 mg mL™", transferred to a capillary, and studied at
variable temperatures (heating and cooling from 20 to 100 °C,
1S min between each temperature, acquisition of 1 h). The

differences, we describe hel?ein a small-apgle X-ray scatterixjxg heating—cooling sequence was carried out two times without
(SAXS) study of Fhe behavior E’lf synthetic t-etraethers lab in differences. The SAXS patterns obtained for cis isomer la are
concentrated media (50 mg mL™") and at variable temperatures shown in Figure 2. At 20 and 30 °C, Bragg peaks are clearly

ranging from 20 to 100 °C.

B EXPERIMENTAL SECTION

Sample Preparation. Lipids lab were prepared following the
procedure described previously by our research group.'” An organic
lipid solution (0.1 mL/S mg in CHCl;/MeOH 2:1) was concentrated
under reduced pressure using a rotary evaporator. The corresponding
film was dried under high vacuum overnight and hydrated with 0.1 mL
of pure water. After 1 night, a vortex/sonication cycle was applied
twice to the sample (vortex, sonication (bath, 35 kHz) 2 X S min with
S min between, 25 °C). The corresponding solution was then
transferred to a suitable capillary for SAXS experiments.

SAXS Measurements. X-ray scattering experiments were
performed using a FRS91 Bruker AXS rotating anode X-ray generator
operated at 50 kV and 50 mA with monochromatic Cu Ka radiation (4
= 1.541 A) and point collimation. X-ray patterns were collected with a
Mar345 Image-Plate detector (Marresearch, Norderstedt, Germany).

intensity

The monochromatic Cu Ka radiation (1 = 1.541 A) was directed with o o o ol 50 1% 14 i
a 350 ym X 350 um focal spot at 320 mm by double reflection on an alA"]
elliptical cross multilayer Montel mirror (Incoatec, Geesthacht,
Germany). The beam was defined under vacuum by four motorized
carbon—tungsten slits (JJ-Xray, Roskilde, Denmark) positioned in
front of the mirror (500 ym X S00 ym). Four additional guard slits
(600 pm X 600 um) were placed at the focal point with a 220 mm slit shown in the smaller-angle region originating from a lamellar
separation distance. The ﬂflx after the output mica windows was 3 X phase that exhibits crystalline character as demonstrated by fine
10° photons/s. A 2-mm-diameter square lead beam stop was placed Bragg peaks in the WAXS region. The presence of this
under vacuum at 270 mm; afterward, the sample and the detector were : ° oy .
crystalline state at 20 °C was not expected for lipids including

positioned at 420 mm. The X-ray patterns were therefore recorded for
a range of reciprocal spacings q = 4z(sin 6)/4 from 0.03 to 1.6 A7, phytanyl chains, which usually provide sufﬁCIellgt Oﬂ uidity lgadlng
where 0 is the diffraction angle. The samples were placed into 1.5 mm to an L./L, transition at lower temperature. At 40 °C, an

Figure 2. SAXS diagrams corresponding to cis isomer la at variable
temperature (20—100 °C).

glass capillaries (Glas W. Muller, Germany). Acquisition was set to 1 h Phase (‘h 0.103, 4, =0. 206, q; = 0309, ¢, = 0.413 A_ d=
after a time of 15 min between each temperature. The sequence was 61 A) appeared in coexistence with the L. phase and became
repeated twice on each sample. the sole visible phase at 45 °C. It is noteworthy that the d

7592 dx.doi.org/10.1021/1a2045948 | Langmuir 2012, 28, 7591-7597


http://pubs.acs.org/action/showImage?doi=10.1021/la2045948&iName=master.img-001.jpg&w=503&h=203
http://pubs.acs.org/action/showImage?doi=10.1021/la2045948&iName=master.img-002.jpg&w=239&h=182

Langmuir

spacing parameter was in accordance with the thickness of the
lamellae observed by cryoTEM'” and the results of Winter et
al”' obtained from natural archaeal tetraethers. Further
increases in the temperature to 80 °C induced a slight decrease
in the d spacing parameter to S9 A (80 °C). From this
temperature, the system started a new phase transition in favor
of a bicontinuous cubic phase (Q) that remained at 100 °C and
all along the cooling stage. Several days at 20 °C were needed
for the L, and L_ phases to reappear with the same parameters
as those collected during the heating. This type of hysteresis is
commonly known for L,/Q transitions and has been explained
recently by Siegel by considering a fourth-order-curvature
energy model.”> The Q phase was identified as a double-
diamond-type inverse cubic phase (Pn3m) by the indexation of

V5, Vi, Ve b

the following reflection sequence: \/ 2,
\/12, \/14, and \/17 (Table 1, Figure 3). The Pn3m space

Table 1. Indexing of the Cubic Phase (Pn3m) Shown in
Figure 3 (a = 152 A)

(hz + kz + 12)1/2 (h, k! l) qcalc (Ail) qobs (Ail)
V2 (1,1, 0) 0.0585 0.0588
V3 (1,1, 1) 0.0716 0.0717
V4 (2,0,0) 0.0827 0.0833
\/6 (2,1,1) 0.1013 0.1014
Vo (2,2, 1) 0.1240 0.1233
V12 (2,2,2) 0.1432 0.1428
V14 (3,2 1) 0.1547 0.1544
V17 (3,2,2) 0.1704 0.1699
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Figure 3. SAXS diagram corresponding to cis isomer 1a at 100 °C and
Qy (Pn3m) reflection indexation, where the positions of the expected
Bragg peaks are indicated by lines and (hkl).

group was assigned without any ambiguity; neither the Ia3d nor
the Im3m space groups were compatible with these reflection
ratios because they would involve different reflection patterns
(Ia3d: \/6, /8, \/14, /16, and 1/20. Im3m: /2, 1/4, 1/6,

8, \/10, 12, and 4/14). Consequently, tracing g, in n*+
k* + I*)V/2 where h, k, and [ refer to Miller indices, gave access
to a repeating parameter of 152 A for this cubic phase (Pn3m)
(details in the Supporting Information (SI)).**

The accuracy of the SAXS pattern allowed the calculation of
the electron density profile of the lamellar « phase (L,) from
the four Bragg reflections q, q,, g3, and g, From the eight
possible electron density profiles, we selected the electron
density profiles shown in Figure 4 (L,) from molecular criteria.
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Figure 4. Electron density profile of the L, phase calculated from the
SAXS diagrams of 1a (45 and 70 °C (heating)).

45°C)

These electron density profiles calculated at 45 and 70 °C
(details in SI) are consistent with a stretched conformation of
the tetraether lipid within the L, phase. The two electron
density maxima correspond to the sugar headgroups that are
separated by a thin water layer. The headgroup interdistance
(17 A) does not change with the temperature. The aliphatic
chains region exhibits a lower electron density without a sharp
minimum, which is normally observed in conventional
glycolipids.** This is in agreement with the bipolar chemical
structure. Upon heating, the aliphatic chains slightly decrease
from 30.5 to 29.5 A.

The SAXS data for the Qy phase have also been examined in
more detail with respect to the geometrical model of the
minimal surfaces.”**® The aliphatic chain thickness (16 A) is
expected to be similar in both cubic and lamellar phases
because the chains are located on the minimal surface that
exhibits a vanishing curvature. The mean areas per methylene at
the headgroup/chain interface (S1) and at the center of the
structure (S2) were compared. Although S1 and S2 are equal
for the L, phase (S1 = S2), within the Qy; phase this results in
an 8% increase in favor of S2. On the molecular scale, this can
be interpreted as a slight surface excess of the cyclopentyl that
could be at the origin of membranes with a radius of mean
curvature of 21 nm. The water content can be calculated from
the half length of the molecules (30 A) and the cubic parameter
and is 30% by volume.

The SAXS patterns acquired from trans isomer 1b are shown
in Figure S. The indexation of the Bragg peaks led to the
description of the L, phase all along the variable temperature
study from 20 to 100 °C and during the cooling stage. The
consecutive Bragg peaks corresponded to d spacing parameters
between 63 A at 20 °C (g, = 0.100, g, = 0.200, g5 = 0.300, and
q4 = 0400 A™") and 59 A at 100 °C (g, = 0.107, g, = 0.214, g,
= 0.321, and ¢, = 0.429 A1), which were again comparable to
what we observed by cryoTEM'” and the results of Winter et
al”' obtained from natural archaeal tetraethers. A minor
coexisting phase that could not be fully characterized was also
visible at 100 °C and during the cooling stage. Attempts to
favor the appearance of this phase and to avoid kinetic issues
during the SAXS measurements (holding the sample for 20 h at
100 °C) led to the same SAXS diagram. After 6 days at 20 °C,
L, was totally recovered with the same parameters. Another

dx.doi.org/10.1021/1a2045948 | Langmuir 2012, 28, 7591-7597
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Figure S. SAXS diagrams corresponding to trans isomer 1b at variable
temperature (20—100 °C).

temperature cycle on the same sample reproduced the same
behavior.

The electron density profiles were calculated from the Bragg
peak intensity of the L, phase, and the most adequate profiles
at 20, 60, and 100 °C are shown in Figure 6. As for the cis
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Figure 6. Electron density profile of the L, phase calculated from the
SAXS diagrams of 1b (20, 60, and 100 °C (heating)).

isomer, the electron density profiles are consistent with a
stretched conformation of the tetraether within the membrane
(L, phase). Moreover, the polar headgroups are not affected by
the temperature, with a constant thickness of 17 A. The
shortening from 32 to 28 A of the hydrophobic domain
according to the temperature increase is, however, well
established. It contrasts with the results obtained by Winter
et al. showing increasing d spacing parameters with increasing
temperature when they studied natural archaeal tetraether lipid
membranes.”' This difference may be related to the type of
polar headgroups that were on the hydrophobic cores. Indeed,
the increasing d spacing of the natural tetraether lipid
membranes is reported to be due to an increase in hydration
at the polar headgroups, which is not observed in our case. The
decrease observed for the d space of the lipid membrane is
clearly due to a shortening of the hydrophobic domain as
shown on the electron density profile (Figure 6).

B DISCUSSION

The comparative SAXS studies of the two tetraethers lab
bearing cyclopentane rings with opposite relative stereo-
chemistry clearly showed a different temperature dependency
of the lyotropic behavior. Indeed, cis isomer la exhibited a
crystalline state at 20 °C and needed to be at 40 °C to reach a
fluidic state (L,) whereas trans isomer 1b behaved as a fluid
lamellar phase (L,) at 20 °C. The unexpected presence of an L,
phase at room temperature and until 40 °C is not fully
understood. As mentioned before, the phytanyl chains usually
provide an increased fluidic state that induces a decrease in the
solid—liquid crystalline phase transition temperature.'”>’
Interestingly, the L, phases, observed at the beginning of the
heating experiment, involved for both isomers a stretched
transmembrane conformation (determined from the electron
density profiles). Starting from this similar conformation, these
L, phases behave differently during the temperature increase.
Indeed, the lamellar phase was stable all along the studied
temperature range (20—100 °C) for trans isomer 1b, but it
evolved to a diamond-type bicontinuous cubic phase (Pn3m)
for cis isomer 1a. The appearance of bicontinuous cubic phases
after a temperature increase is well known with other lipids and
is roughly related to thermal agitation.””>° Indeed, the
transition from L, to Qy (Pn3m) is known to involve a
dramatic change in membrane curvature to fit the requirement
of the new phase. However, the absence of a transition from L,
or Qy to the inverse hexagonal phase (Hy;) reveals an important
frustration within the Hy; phase that is better satisfied within the
cubic phase organization (Pn3m). The criteria that stabilize Qy

Q,; (Pn3m)

Lq

Figure 7. Schematic representation of the volume of tetraether la within the Qy and L, phases and the chain splay relationship.
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phases are not fully known and are the subject of recent
research. The main criteria appear to be the propensity for
adequate membrane curvature,”*’ the chain-packing stress,
and the chain splay ability.”® Hence, in the case of cis isomer 1a
the L,/Qy transition could be induced by the relative
conformational flexibility character of the lipid adopting
different conformations within the lipid membrane. This
means that even if the electron density profile (L,) is
consistent with a stretched conformation of the cis isomer,
the L,/Qy transition was allowed through a conformational
adaptation increasing the membrane curvature and reducing the
packing frustration within the Qy phase.””*"*> Therefore, the
8% surface increase in the middle of the lipid can be accounted
for by a decrease in length, maintaining a constant molecular
volume and being compatible with the required shortened
length between two perpendicular water networks (Figure 7).
This conformational adaptation is explained by a chain splay
that occurs only in the case of cis isomer 1a.

The trans isomer preferentially adopts a unique conforma-
tion that is maintained whatever the temperature (20—100 °C),
retaining a fluid lamellar phase and inhibiting the transition to
other types of phases (Qy, Hy). Therefore, this isomer exhibits
a poor chain splay ability and a membrane curvature increase
that does not fit with the Qy and even less with the Hy
stabilization criteria.

The structure/property relationships related to the phys-
icochemical observations discussed previously are not obvious.
The relatively poor structural differences between tetraethers 1a
and 1b would suggest similar self-assembly behavior. The
geometrical equilibrium of the cyclopentane rings has to be
considered to explain the impact of the relative stereochemistry
of such cycles. Indeed, cyclopentane is known to adopt
numerous conformations of similar energies that originate from
the pseudorotation of the carbocycle.**** Following the same
conformational pseudorotation, the conformation of 1,3-
disubstituted cyclopentane has already been studied by Ruiz
del Ballesteros et al.** Their results led to rather different
energy profiles for the cis and trans isomers all along the
pseudorotation circuit. The less-energetic conformation of the
cis isomer corresponds to an envelope placing the two methyl
groups at a pseudoequatorial position, and for the trans isomer,
the less-energetic conformer is a half-chair. These more stable
conformations correspond to the greatest distance between the
two carbon atoms of the substituents (Me) for both isomers
(4.8 A). Interestingly, far from these more stable conforma-
tions, the pseudorotation of the cis isomer results in conformers
that place the two methyl groups at distances of 4.8—3.2 A.*°
Conversely, within a similar energy range (6 kcal mol™) the
pseudorotation of the trans isomer keeps the Me—Me distances
between 4.8 and 4.5 A. Therefore, if both isomers are able to
adopt different conformations within a narrow range of energy,
then the pseudorotation applied to the cis isomer has a much
higher impact on the orientation of the two substituents.

Within a tetraether structure (lab), the stretched con-
formation observed within the lamellar phases for both isomers
probably originates from the thermodynamically stable
conformations of the cyclopentyl ring. However, the pseudor-
otation of the cis-1,3-disubstituted-cyclopentyl ring induces, for
instance, a closeness of the two alkyl chain arms and a large
number of gauche defects within these alkyl chains (Figure 8).
This results in a conformational change in the tetraether core in
favor of a shrunken conformer. The reduction of the tetraether
length is then balanced by a chain splay and permits the fitting
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Figure 8. Representative conformations obtained by the pseudor-
otation of cyclopentane rings bearing 1,3-alkyl chains.

of the membrane curvature needed for the transition to the Qy
phase. Conversely, within trans isomer 1b, the poor effect of
the cyclopentane pseudorotation on the orientation of the alkyl
chains leads to less flexibility whatever the local conformation
of the cyclopentane ring, preventing any chain splay or
membrane curvature increase. Thus, the lamellar structure
(L) undergoes an increase in cohesion, and transitions to
other types of phases are avoided or require higher temper-
atures.

B CONCLUSIONS

The comparison of the two sets of data obtained from the
SAXS studies demonstrates the remarkable influence of the
stereochemistry of a tetraether-type lipid structure (archaeal
lipid analogues). The sole change in the relative stereo-
chemistry of a cyclopentane ring placed in the middle of a 35
carbon atom chain induces dramatic changes in the lyotropic
behavior of such bipolar lipids. Indeed, the cis isomer gathers
some of the required criteria stabilizing a Qy; phase, and the
trans isomer reveals a lack of flexibility in avoiding the phase
transition from the original L, phase. Our study suggests that
the energetically low pseudorotation of a trans-1,3-dialkyl
cyclopentane ring has a limited effect on alkyl chain
orientations and even permits a more cohesive lamellar
membrane. Indeed, compared to the cis isomer, the trans-1,3-
cyclopentyl ring permits at least a shift in the lamellar/
nonlamellar transitions to higher temperatures in the case of
the lipids studied here. This work would influence the design of
such bipolar lipids for their use in technical or biotechnical
applications in which cubic bicontinuous phases provide smart
and useful nanostructures.**"** However, because the place-
ment and the number of cyclopentane rings are different in the
present analogues, additional studies are still required to explain
the presence of trans-1,3-disubstituted cyclopentyl rings rather
than cis counterparts in archaeal lipids.

B ASSOCIATED CONTENT
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Details of the determination of the electron density profiles and
the lattice parameters. This material is available free of charge
via the Internet at http://pubs.acs.org.
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