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Abstract: Lipidic cubic phases (LCPs) are used in areas
ranging from membrane biology to biodevices. Because some
membrane proteins are notoriously unstable at room temper-
ature, and available LCPs undergo transformation to lamellar
phases at low temperatures, development of stable low-temper-
ature LCPs for biophysical studies of membrane proteins is
called for. Monodihydrosterculin (MDS) is a designer lipid
based on monoolein (MO) with a configurationally restricted
cyclopropyl ring replacing the olefin. Small-angle X-ray
scattering (SAXS) analyses revealed a phase diagram for
MDS lacking the high-temperature, highly curved reverse
hexagonal phase typical for MO, and extending the cubic phase
boundary to lower temperature, thereby establishing the
relationship between lipid molecular structure and mesophase
behavior. The use of MDS as a new material for LCP-based
membrane protein crystallization at low temperature was
demonstrated by crystallizing bacteriorhodopsin at 20°C as
well as 4°C.

Lipidic cubic phases (LCPs) act as thermodynamically
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stable, structured, and transparent lipid—water gel-like matri-
ces, with curved and homogenous aqueous channels, con-
sonant with an array of host-guest functions, including
membrane protein incorporation and crystal nucleation for
biophysical studies,*! drug delivery,*! food emulsification,”’
biodevice fabrication,® and protocell/membrane biology.”
They were proposed as intermediates in membrane fusion
events® and were observed in stressed, diseased, or virally
infected cells.””! Significantly, LCPs stand out as the bioma-
terials par excellence for crystallization of membrane pro-
teins."”

Bicontinuous LCPs are three-dimensionally ordered
molecular systems made up of a geometrically well-defined,
curved lipid bilayer, which is surrounded by two non-
connected aqueous channels.'!! Lipid and water molecules
diffuse freely within their respective molecular subsystem,
and in the fully hydrated regime water can diffuse between
the confined channels of LCPs and an excess reservoir.
Variation of hydration, temperature, and pressure affect
phase stability and control formation of various phases with
defined material properties,'”! the most remarkable thereof
being thermodynamic and structural stability of LCPs in
excess water. This insolubility in water opens up a plethora of
possible uses.

The phase behavior of monoolein (MO), the best-studied
lipid forming LCPs (Figure 1a), and the structure and
properties of its various phases have been well-established.!"*!
Curvature of the channel is a characteristic parameter of
lipidic phases, with the highest curvature associated with the
high-temperature phases. Placement of the cis-double bond in
the chain and head group modification, especially charged
modifications, are known to influence curvature and hence
phase behavior.' In the field of membrane structural
biology, a number of lipids are already available for LCP-
induced crystallization. With the deeper understanding
obtained from such studies it is envisaged that changing the
lipid structure can be used to influence the subtle balance of
phases.

Most LCPs used to date are based on naturally or
commercially available lipids, mainly monoacylglycerols.
Testing of various available monoacylglycerols to optimize
crystallization screens of membrane proteins, and to control
phase behavior beyond MO, is an important tool that is widely
used in crystal screening and optimization.'! Clearly, control
of the chemical properties and mesoscopic dimensions within
these matrices can empower numerous technological appli-
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Figure 1. Structures of a) monoolein (MO): 1-(cis-9-octadecenoyl)-rac-
glycerol; b) MDS:1-(cis-9,10-methylene-octadecanoyl)-rac-glycerol.

c) Identity and location of each phase (or coexistence of phases)
within the composition/temperature space in the MDS:water system,
established by SAXS. Phases are: (2) La: lamellar phase; (o) la3d:
bicontinuous double gyroid cubic phase; (0) Pn3m: bicontinuous
double diamond cubic phase; (+) L2: inverse micellar solution.

d) Sample composition/temperature phase diagram of the MDS:water
system based on interpretation of the data in (c), taking into account
evolution of the structural parameters in order to establish the phase
maximum hydration, and implicitly coexistence of the bulk phase with
excess water. e) Overlay of the binary phase diagrams of MDS (solid
lines) and MO (background). The latter was adapted from H. Qiu, M.
Caffrey.l*!
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cations of LCP; however, to design LCPs with specific
structure and phase behavior requires new basic molecular
motifs and rigorous phase characterization to elucidate LCP
structure/property principles. The discovery reported herein
that monodihydrosterculin (MDS), the designer cyclopropyl
analogue of monoolein, forms a new, thermodynamically
stable low-temperature LCP material directly addresses this
goal. Establishment of its extended phase diagram, which
differs in a number of fundamental ways from that of MO
provides a basis for developing sorely needed design princi-
ples in this area.

To date, LCP-generated crystals yielded about 10 % of all
membrane protein structures. Significantly, most structures of
the pharmacologically important family of G protein-coupled
receptors (GPCRs), except visual rhodopsin and several
stabilized neurotensin receptor variants,'® were determined
from LCP-grown crystals. These results were obtained at
room temperature. Available LCPs undergo transformation
to crystalline lamellar phases at low temperatures.'* This
greatly limits the use of LCPs, and calls for the design and
development of stable low-temperature LCPs for biochemical
and biophysical studies. The reasons for seeking low-temper-
ature LCPs are manifold: Some membrane proteins are
notoriously unstable at room temperature,'”! requiring low
temperature for structural and functional studies. In addition,
diffusion is known to be a necessary and crucial process in
nucleation and crystal growth: too fast a diffusion may lead to
irreversible aggregation and precipitation, while a too slow
one may never lead to mature crystals. Having at one’s
disposal LCPs in a very broad range of temperatures is a clear
advantage for controlling diffusion in the lipidic bilayer and in
the water channels. Moreover, size of the aqueous channels of
the LCPs is an important variable, and the larger the
temperature range available, the more flexibility there is in
terms of size. Last, recent advances in free electron laser
(FEL) science and technology"® offer novel prospects in
structural biology. Specifically, the availability of LCP injec-
tors makes is feasible to attempt and crystallize complexes of
membrane proteins with other membrane proteins or with
soluble proteins, which is at the frontier of membrane
structural biology, requiring novel lipidic system that are
thermodynamically stable at low temperature.

Although available LCPs such as the MO-based one can
form supercooled systems that can be maintained in the cubic
phase to produce low-temperature crystals under certain
conditions,™ they do not form thermodynamically stable
LCPs at low temperature, and are therefore prone to phase
transition. In addition, the handling of minute amounts of
LCP is not trivial, and any additional component, such as the
various additives needed for membrane protein crystalliza-
tion, may affect phase stability. The same holds for surface
effects, which are very pronounced when setting up small
drops (in the nL range). Lipids with cyclopropylated chains
occur in several natural systems,[w] and their influence on
phase transitions, compared to unsaturated chains, has been
investigated.” We therefore sought to design a lipid with
alkyl chain length, polarity, and nature of the head group that
are similar to those of MO, the most widely used lipid forming
LCPs! but with increased rigidity of the side chain
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compared to conventional cis double bond-containing lipids
used so far. The target lipid, MDS, contains an identical
headgroup to that of MO, and a rigid cyclopropyl moiety
replacing the cis double bond between C, and C,, giving rise
to a different curvature and different dihedral angles of the
hydrophobic tail.

The design of the novel lipid monodihydrosterculin
(MDS) implements a geometrically confined cyclopropyl
ring as a saturated “cis-kink” surrogate (Figure 1b). The
resultant LCP phase behavior of MDS supports the use of
a small-ring replacement principle, from which other novel
LCP lipids can be designed and their properties anticipated.

An additional parameter that could influence phase
behavior is the equilibrium composition of esters formed at
the 1- and 2-position on the glycerol head group.”” Indeed,
hydrated monoacylglycerols undergo spontaneous acyl
migration at moderate temperatures, yielding a mixture of
about 9:1 of the 1- and 2-isomers.! This balance seems to be
overlooked in previous discussions of MO-LCP and may
account for material variability. To ascertain that the data
obtained are reproducible with respect to composition all
measurements were performed with a pre-equilibrated mix-
ture of (9:1) 1-MDS to 2-MDS (see the Materials and
Methods section in the Supporting Information).

The binary MDS:H,O phase diagram, established by
small-angle X-ray scattering (SAXS) and melting point
determination features order-to-order transitions from the
La to Ia3d, and from la3d to Pn3m upon hydration, and
formation of the fully hydrated Pn3m cubic phase above
a characteristic boundary of full hydration (Figure 1c,d). At
high temperature, all phases transform into the isotropic L,
phase. The sequence of transitions is the same as that of MO,
but the resulting phase behavior is different because of the
stability of each phase. Significantly, the high-temperature Hy,
phase that appears in other monoacylglycerol systems™ is
absent in the new system. The highly curved Hy; phase has the
highest packing frustration energy, and its absence may be
correlated with a difference in the chain stretching energy
because of the new hydrophobic motif.**

Opverlay of the binary phase diagrams of MDS and MO
(Figure 1e) reveals that at a given composition, the collapsing
temperature of any phase to the high-temperature L, phase is
lower in the MDS than in the MO system. The boundary lines
between L, and the lower-temperature phases in these two
systems are not parallel, and form a wedge that broadens with
increasing hydration: at low water content (5%) the tran-
sition from La to L, is isothermal (35°C) in both systems.
Upon increasing the water content the MDS mesophases
become increasingly less stable at high temperature, which is
reflected in a relatively low collapsing temperature: thus at
15% water the la3d to L, transition temperatures are 65 and
85°C for the MDS and MO systems, respectively.

The cubic-/a3d is the most pronounced phase in both MO
and MDS phase diagrams. For MDS, the La-/a3d boundary is
at lower water content than in MO, whereas the la3d-Pn3m
boundary starts at lower hydration at low temperature, and
ends at higher hydration at high temperature (Figure 1¢). At
even higher water content, the fully hydrated Pn3m phase is
shifted to higher water content in MDS. Thus, the existence of
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Figure 2. 1D SAXS spectra of the scattered intensities versus scattering
vector g, depicting the diffraction patterns of MDS mesophases
containing 50% (w/w) water at the selected temperatures. The double
diamond Pn3m cubic phase exists in the temperature range of 4—
22°C, as revealed by the SAXS diffraction peaks in the ratio:

V2:/3:7/4:0/6:/8:0/9.

the cubic phase for MDS is larger in the composition space,
and smaller in the temperature space when compared to MO.

Significantly, MDS exhibits a thermodynamically stable
cubic phase at low temperature (Figure 2). This observation is
in accord with the finding that the high-temperature bounda-
ries of MDS phases are lower than those of MO. Currently
available LCPs are often limited in the range of temperature
over which they can be used, and are generally unstable at low
temperatures (0-4°C), undergoing phase transition into
a crystalline phase."”! Therefore, formation of a stable cubic
phase at low temperature would have significant implications
in biomaterial science and technology in general, and in
membrane structural biology in particular.

For a given phase at constant temperature, an increase in
water content results in an increase of the lattice size
(Figure 3). For the lamellar phase, this corresponds to the
inter-bilayer distance, that is, thickness of the aqueous
compartment. For the cubic phases, this corresponds to the
aqueous channel size. At a given temperature there is
a maximal hydration for a certain phase, above which
coexistence with a higher hydrated phase sets in. The
coexistence region eventually transforms into the pure
higher hydrated phase upon further increase of water
(Figure 3). In the coexistence regime, the lattice parameter
remains constant until complete phase transition is accom-
plished (Figure 3b and Figure S3 in the Supporting Informa-
tion). The curvature and the size variation of the unit cell are
phase-dependent: The La and the cubic Pn3m have smaller
lattice parameters and the cubic la3d has larger lattice
parameters (Figure 3b, Figure S3).

The phase diagram of the MDS:H,O system (Figure 1)
demonstrates a number of novel features that can be directly
related to the molecular geometry of the hydrophobic chain,
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Figure 3. a) SAXS spectra of the scattered intensities versus scattering vector g,
azimuthally averaged into 1D profiles, showing the structural evolution of the MDS:water
system with increasing hydration at a constant temperature (30°C). The spectra reveal

a series of order to order transitions with the following phase sequence: L, (green)—
L.+ la3d (beige)—la3d (red)—la3d+ Pn3m (pale blue)—Pn3m (blue), each phase being
unequivocally characterized because of its unique diffraction peak ratios. b) Evolution of

2 A in the MO-grown crystals). This may be
due to the smaller thickness of the lipid bilayer
formed by the geometrically confined and
kinked MDS, resulting in a shorter ¢ axis in the
crystal, which is parallel to the transmembrane
helices.

the lattice parameter size as a function of hydration for the different mesophases in the

MDS:water system at 30°C.

and its packing arrangement within various mesophases. As
can be seen from the broader existence range of the cubic
phases, the MDS system can accommodate more molecules of
water in the cubic phase. Most importantly, this system, which
possesses a rigid and more restricted cyclopropyl geometry,
was shown to form curved cubic phases at lower temperature
than the corresponding MO system, analogous to observed
differences between corresponding phosphatidylethanola-
mines."” As a consequence, the high-temperature, highly
curved reverse hexagonal phase, which appears in most
known hydrated monoacylglycerol systems, is absent in the
phase diagram of MDS. Moreover, the MDS system forms
a stable Pn3m cubic phase at 4°C (Figure 2), opening up
various possibilities to employ such LCPs in studies and
applications of temperature-sensitive biological macromole-
cules.

To test the applicability of such low-temperature LCPs for
the crystallization of membrane proteins, the light-induced
proton pump bacteriorhodopsin (bR) was crystallized from
MO- and MDS-LCPs at 20°C in comparative experiments, as
well as from MDS-LCP at 4°C (see the Supporting Informa-
tion). Plate-like hexagonal crystals with an average size of
about 18 x 18 x 7 um® were observed after three days in MDS
at 20°C, and grew to the full size (about 40 x 40 x 20 um?) in
10 days (Figure 4b). In contrast, crystallization in MO was
slower, yielding fewer initial crystals (sized about 20 x 20 x
7 um®) under identical conditions after 10 days. These crystals
grew to the full size in 28 days but remained smaller (about
30 x 30 x 12 um?®) than in the MDS case. Moreover, using the
same crystallization screen, crystals appeared in a much
broader range of conditions in MDS than in MO. The best
crystals observed at 4°C were obtained from MDS after
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Figure 4. Comparison of bR crystals grown in MDS at a) 4°C (20 pm
scale bar) and b) 20°C (25 um scale bar). BR crystals in MDS
constitute the first reported crystals of an integral membrane protein
(IMP) grown at 4°C from LCP. c) Quality of g,-weighted 2m F,—DF,
electron density map of bR crystallized in MDS at 20°C, contoured at
1.50. m=figure of merit; F,=experimentally measured amplitudes;
D=0, weighting factor; F, (or F.¢) = model-based amplitudes.

In summary, we present here a designer lipid with which
an important objective in membrane biophysics—establishing
the relationship between lipid molecular structure and
mesophase behavior—is addressed. A novel phase behavior
is presented, with unprecedented features, which may be
beneficial in various aspects and applications of membrane
science and technology. Specifically, we have demonstrated
the applicability of this novel LCP for membrane protein
crystallization at unprecedented low temperatures.

Experimental Section

Synthesis of 1-(cis-9,10-methylene-octadecanoyl)-rac-glycerol (com-
pound 3 (MDS): The synthesis of MDS was accomplished in two steps
starting from commercially available oleic acid 1 (Figure S1). Cyclo-
propanation of olefin 1 was carried out with diethyl zinc and
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diiodomethane in the presence of 2,4,6-trichlorophenol according to
a method previously described in the literature®® to afford cis-9,10-
methyleneoctadecanoic acid 2 in 65 % yield; which was then reacted
with an excess of glycerol in the presence of EDC and 4-(dimethyl-
amino)pyridine (DMAP) in dichloromethane to afford the desired
ester 3in 45 % yield. The resulting racemic MDS is a mixture of the 1-
MDS and 2-MDS isomers because of natural transesterification
(Figure S2). The amount of the 2-MDS isomer was 6-10%, as
determined by 'H NMR spectroscopy. 1-MDS can be purified by low-
temperature crystallization in acetonitrile (—20°C to 4°C). Prior to
every sample preparation, the equilibrium state between the two
isomers was established by stirring the synthesized lipid in a 5%
aqueous solution of H,SO, for 3h at room temperature; the
composition was checked by '"H NMR spectroscopy.

For detailed synthetic procedures see the Supporting Informa-
tion.

Mesophase sample preparation: Liquid-crystalline mesophases
were prepared by mixing weighed quantities of MDS and water (to
the desired composition of each sample of the phase diagram) inside
sealed Pyrex glass tubes followed by heating to 45°C and vortexing
until a homogenous mixture was obtained. The prepared mesophases
were then allowed to cool down to room temperature and reach
a state of thermodynamic equilibrium over a period of 24 h before
SAXS measurements were performed.

Small-angle X-ray scattering measurements: SAXS measure-
ments were used to identify the symmetry of the mesophases at the
different conditions. Experiments were performed on a MicroMax-
002 + microfocused beam, operating at voltage and filament current
of 45 kV and 0.88 mA, respectively. The Ni-filtered Cu Ka radiation
(ACu Ka=1.5418 A) was collimated by three pinhole (0.4, 0.3 and
0.8 mm) collimators and the data were collected with a two-dimen-
sional argon-filled Triton detector. An effective scattering-vector
range of 0.03 A < g < 0.45 A" was probed, where ¢ is the scattering
wave vector defined as g =4 sin(6)/A Cu Ka, with a scattering angle
of 20, calibrated using silver behenate. For all measurements the
samples were placed inside a Linkam HFS91 stage, between two thin
mica sheets and sealed by an O-ring, with a sample thickness of about
1 mm. Measurements were performed at different temperatures, and
samples were equilibrated for 30 minutes prior to measurements,
while scattered intensity was collected over 30 minutes. For the low-
temperature experiments special care was taken to exclude super-
cooling.
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