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The polymorphism of lipid aggregates has long attracted detailed study due to the myriad factors that
determine the final mesophase observed. This study is driven by the need to understand mesophase
behaviour for a number of applications, such as drug delivery and membrane protein crystallography. In
the case of the latter, the role of the so-called 'sponge’ (L3) mesophase has been often noted, but not
extensively studied by itself. The Ls mesophase can be formed in monoolein/water systems on the
addition of butanediol to water, which partitions the headgroup region of the membrane, and decreases
its elastic moduli. Like cubic mesophases, it is bicontinuous, but unlike them, has no long-range
translational symmetry. In our present study, we show that the formation of the Lz phase can delicately

Received 3rd May 2023, depend on the addition of dopant lipids to the mesophase. While electrostatically neutral molecules

Accepted 14th August 2023 similar in shape to monoolein (DOPE, cholesterol) have little effect on the general mesophase
behaviour, others (DOPC, DDM) significantly reduce the composition at which it can form. Additionally,

we show that by combining cholesterol with the anionic lipid DOPG, it is possible to form the largest
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1 Introduction

One of the principle motivations for the study of self-assembled
lipid systems is their astonishing range of potential applica-
tions, ranging from templating and drug delivery, to membrane
protein crystallisation.’”® Of these, membrane protein crystal-
lisation using the so-called in meso or lipid cubic phase (LCP)
method has long been cited as a principal source of motivation
for studies of lipid polymorphism.”™**

Self-assembled lipid aggregates can exhibit a number of
different symmetries shown in Fig. 1(a)-(d), from the planar 1
dimensional lamellar bilayer stacks (L,), 2 dimensional arrays
of hexagonally arranged cylinders, or 3 dimensional cubic
phases. In triply periodic bicontinuous cubic phases, the lipid
bilayer spans a triply periodic minimal surface, a surface
defined by having zero mean curvature at all points, and
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stable Ls mesophases observed to date, with characteristic lengths over 220 A

separates the system bicontinuously into two water channels.'®
Three bicontinuous cubic phases are known, the Primitive (Qf),
Diamond (Qf), and Gyroid (Qf}). In addition to these extensively-
studied mesophases, the sponge (L;) mesophase is occasionally
observed upon the addition of other molecules to the monoolein/
water system. Mesophases have characteristic small angle X-ray
scattering (SAXS) patterns according to their topology and size."”
In the case of the L; mesophase, the position of the centre of the
characteristic broad peak measured using SAXS is related to the
cell dimensions of the system.'®*

The sponge phase is known to be closely related to the cubic
phase, similarly consisting of a lipid bilayer separating bicon-
tinuous water channels, but without long-range translational
symmetry.>*>® Cherezov et al’® showed that a number of
additives to the monoolein (MO)/water system can form the
sponge phase in lipid systems, a common feature among one
class in particular being that they are small amphiphiles with a
number of both hydrogen bond acceptors and donors.>® This
enables them to interact with both the water channels of the
Q] mesophase as well as the hydrophobic region of the
membrane, later confirmed in 'H NMR studies by Evenbratt
et al.*’ The net effect of these interactions is the swelling of the
Qf} mesophase as the interface is partitioned by the additives
and flattened. Beyond a certain concentration when the bend-
ing modulus of the membrane is lowered, the Qf mesophase
becomes disordered and the system becomes a L; mesophase.
Upon further increase of the sponge-forming additive, a flat L,
mesophase will emerge.
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Illustrations of possible self-assembled mesophases and packing types of lipids and surfactants. (a) A micelle, (b) a flat bilayered L, mesophase

surrounded by water channels, (c) a QF minimal surface (coloured according to Gaussian curvature: light patches flat and dark more curved), (d) a
Hexagonal (H;) mesophase, with blue water channels extending in and out of the page, (e) a sponge (Lz) mesophase with water channels highlighted in
blue, (f) a type | molecule, with S < 1, (g) a type O molecule with S =1, (h) a type Il molecule with S > 1.

One of the greatest successes of the LCP technique to date has
been the solution of the structure of the human f, adrenergic
G-protein-coupled receptor.”®*® The high-throughput screening
techniques used in these studies for finding successful crystal-
lisation conditions noted that including a significant proportion
of cholesterol in the mesophase was essential for crystal growth.
In the case of crystallisation of the entire protein complex, crystals
were harvested from a ‘sponge-like mesophase’. While the meso-
phase was not explicitly characterised, the addition of PEG400 is
known to induce this transition, so it is likely that this was the
case.’** Similarly, crystallisation of human microsomal prosta-
glandin E2 synthase 1 by Li et al*® found that doping the
monoolein membrane at a level of 5% mol with DOPC, a
zwitterionic phospholipid, was essential to guarantee successful
crystallisation.>

To add to the significance of the sponge phase, other
membrane proteins had previously been crystallised from the
sponge phase directly, but the solution of the human f, adrener-
gic G-protein-coupled receptor demonstrates the significance of
the method.**® Understanding the exact mechanisms of LCP
remains an area of extensive study, with Zabara et al.>’ demon-
strating that the sponge phase can play an important intermediary
role in the crystallogenesis of membrane protein crystals.””

The mesophase behaviour of monoolein has been exten-
sively studied on its own, forming a QF mesophase in excess
water at room temperature, and undergoing a transition to the
H,; mesophase when heated.*®*° In addition to studying the
mesophase behaviour of monoolein alone, many studies have
additionally investigated the effect of lipid type doping on the
structure of the self-assembled behaviour of lipid systems, and

6570 | Soft Matter, 2023,19, 6569-6577

for an excellent review we refer the interested reader to the
work of van‘t Hag et al."* Lipid type refers to the categorisation
of lipids and surfactants according to their packing para-
meter, S*°:

v

S= 2 @)
where v is the volume of the hydrocarbon tails, a the interfacial
surface area, and / the maximum effective tail length. Molecules
can then be catagorised depending on their value of S, as we
show in Fig. 1(f)-(h), which is a key determinant in the self-
assembled mesophase that results from aggregates of mole-
cules of that type. For S < 1, the interfacial area is relatively
large, and a positively curved membrane where the membrane
curves away from its hydrophobic region results. Conversely,
molecules with § > 1 will have negatively curved interfaces. For
S = 1, cylindrical-like molecules will result in planar bilayered
systems. When added to cubic phases, Cherezov et al.** showed
that generally, the cubic phase can hold up to around 20% mol
doping of an additional lipid before reverting to the preferred
mesophase of the dopant.*!

One of the main barriers to the success of the LCP method is
the small water channels of the cubic phase.*” Attempts to
overcome this have often used lipids with charged headgroups
in order to promote intra-bilayer electrostatic repulsion as to
increase the size of the lattice parameter, and flatten the cubic
phase observed to a Qf.'” In contrast, our recent work has
demonstrated that the addition of common salts at low con-
centrations will screen intra-bilayer charge repulsion, and so

revert the mesophase of the lipid system back to the Qf.**

This journal is © The Royal Society of Chemistry 2023
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However, it is likely that the crystallisation process could still
further disturb the mesophase behaviour through the addition
of precipitating salts. Although this could suggest that experi-
ments to understand membrane dynamics are in and of
themselves naive, the incorporation of membrane protein into
a membrane prior to crystallisation would remain significant,
and so seeking to understand the compositional factors affect-
ing mesophase behaviour remains a worthwhile pursuit.

Noting that the adaptability of the sponge phase is a little-
understood area, in the present work we investigate lipid type
doping of the sponge phase, using several common lipid and
detergent additives. The possibility of doping the sponge phase
has been noted in direct sponge phase crystallisation trials,
where the use of 1% w/w cholesterol was necessary for success-
ful crystallisation of a bacterial photosynthetic core complex.*®
While it would be ideal to screen every possible crystallisation
condition for the mesophase behaviour, we can seek to under-
stand a broader set of design rules by understanding the
conditions under which the L; mesophase forms.

Furthermore, the variation of the characteristic length of the
L; mesophase is little understood in comparison to the wealth
of similar studies on the topic of bicontinuous cubic lattice
parameters."”>***™*® Ag one of the significant barriers to the
LCP crystallisation of membrane proteins with large hydrophi-
lic domains is the small water channels of lipid cubic phases,
the dependence of the characteristic lengths - and therefore
size of water channels - of L; mesophases on dopants is a
significant challenge to the field. Angelov et al.*” describe the
formation of lipid L; mesophases with characteristic lengths
between 35-40 A, which are of a similar length to those more
recently studied by Bhattacharya et al.>>*” With broad peaks
centered at around 0.05 A™', representing a characteristic
length of around 125 A, a recent study by Talaikis et al.*® has
found slightly larger lipid L; mesophases, but a systematic
study of the variation of this length remains lacking from the
literature.*®

To rectify the above omissions from our current under-
standing of the L; mesophase, in this work we investigate the
effect on the QJ)/L; transition on doping monoolein with several
common additive molecules of different packing parameters
and biological applications: cholesterol, dioleoylphospho-
ethanolamine (DOPE), dioleoylphosphocholine (DOPC), and
n-Dodecyl B-p-maltoside (DDM). In addition, we use a combi-
nation of the anionic dioleoylphosphoglycerol (DOPG) and
cholesterol together, after Tyler et al.,"> to maximise the lattice
parameters obtained."?

2 Materials and methods

Monoolein (MO) was received as gift from Danisco and used
without further preparation. Cholesterol and DDM were pur-
chased from Sigma Aldrich in powdered form. 1,4-Butanediol
was purchased from Sigma Aldrich. DOPC, DOPE, DOPG were
purchased from Avanti Polar Lipids in powdered form. Lipids
(aside from DDM) were prepared in dichloromethane at

This journal is © The Royal Society of Chemistry 2023
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concentrations of 0.1 M, and mixed at the required doped
molarities. DDM was prepared in ethanol at a concentration
of 0.05 M. Monoolein was prepared at both 0.1 M and 0.05 M
concentrations, and 2.5%, 5%, 7.5%, and 10% mol doped
monoolein solutions were then prepared volumetrically. 70 pL
of doped lipid mixtures in solvent were transferred to 1.5 mm
X-ray capillaries (Capillary Tube Supplies UK Ltd), and left to
evaporate for 3 days. The remaining solvent was removed under
vacuum, leaving a film of dried mixed lipid on the capillary
walls, before the addition of 50 pL of solvent, so that the
samples were hydrated under excess solvent conditions. The
capillaries were then sealed, and put through 3 freeze-thaw
cycles to ensure the sample was at equilibrium before measure-
ment. Preparation of X-ray capillaries under vacuum is known
to have significant effects on mesophase behaviour, so this
last step ensured that no out of equilibrium effects were
measured.**

We chose to measure the self-assembled mesophase at
9 volume/volume proportions of butanediol/water solvent con-
tent: 0%, 20%, 32.5%, 35%, 37.5%, 40%, 42.5%, 45%, 47.5%.
For monoolein alone, the Q5/L; transition is known to occur at
30% v/v butanediol, and the L,/L, transition at 50% v/v.2® This
selection of solvents therefore allows us to understand the
mesophase behaviour in (i) water alone, (ii) a point significantly
below the expected transition, in case any significant anom-
alous behaviour is observed, and (iii) a granular range of
solvents in a region where the sponge phase is known to exist,
in order to observe the lowering of the second transition.

SAXS measurements were performed on a SAXSLAB Ganesha
300XL instrument with a g range of 0.015-0.65 A" for 600 s per
sample. All scattering patterns measured are plotted in the
ESI.{ Mesophases and their characteristic lengths were deter-
mined from their characteristic Bragg peak spacings (in the
case of mesophases with translational symmetries) or the
positions of their broad peaks (as in the case of the Ls
mesophase and micellar systems) measured with SAXS, as
detailed in S1 of the ESI.{ Bragg peaks were found using Python
scripts written in-house and available at https://github.com/
csbrasnett/lipidsaxs.

3 Results and discussion
3.1 Monoolein sponge phases

In Fig. 2, we validate the well-known result of Cherezov et al.>®
of the mesophase behaviour of the MO/water/butanediol
system.?® On the initial addition of butanediol to a proportion
of 20% v/v of the solvent, the size of the Q] mesophase swells
from 97 A to 123 A in water. In our focused range between
32.5% and 47.5% butanediol, we observe a sponge phase with a
characteristic length increasing linearly from 100 A to 154 A. As
a confirmation of the literature on these lyotropic conditions,
we have demonstrated the validity of our capillary evaporation
method for sample preparation.

To form the L; meosphase, Cherezov et al.”® use a set ratio of
lipid : solvent of 60:40% weight/weight, the excess water point

Soft Matter, 2023,19, 6569-6577 | 6571
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Fig. 2 The mesophase and size behaviour of a system of monoolein and a
solvent of butanediol and water, with increasing proportions of butanediol
in the solvent. The shape of the scatter point indicates the mesophase, a
Diamond for the QF mesophase and a circle for the Ls mesophase. The red
dashed line is a linear regression to the Lz mesophase data as a guide.

of monoolein in water.?®*® To validate our excess solvent
method, we measured the characteristic lengths of sponge
phases at 3 excess weight ratios, and observed no significant
change (+10 A, see Fig. S1 in ESIt). This demonstrates that the
results throughout this work will be valid for any excess
hydration conditions.

3.2 Effect of single dopants on the formation of the L;
mesophase

3.2.1 A common co-crystallisation dopant: cholesterol.
Fig. 3 shows how the doping of monoolein with cholesterol
affects the phase behaviour and size of the self-assembled
mesophase as the proportion of butanediol in the solvent is
increased. For a simple ternary MO/H, O/butanediol system,
the Qp)/L; phase change is expected at 30% v/v butanediol. In
cholesterol-doped systems, the Q}} phase swells from a lattice
parameter of around 100 A to between 110 A and 120 A on an
initial increase of butanediol in the solvent to 20% v/v. Upon
further increase in the butanediol content of the solvent how-
ever, the cholesterol-doped systems demonstrate a shift in the
Q%/L; mesophase boundary from 30% v/v to above 32.5% v/v.
Cholesterol is known to condense and stiffen membranes, so it
is likely that these factors promote the stability of the QF
mesophase beyond the undoped meosphase boundary.**~>?

Subsequent increases in the butanediol content of the
solvent to 35% v/v and above results in the cholesterol-doped
systems undergoing a mesophase transition to the L; meso-
phase. At all proportions of dopant, as Fig. 3 demonstrates, this
transition to cholesterol-doped L; mesophase results in a
reduction of the L; characteristic lengths in comparison to
undoped L; mesophases. Again, this could similarly be
explained by the stiffening effect that cholesterol has on the
membrane. A recent study by Chakraborty et al.** showed that

6572 | Soft Matter, 2023, 19, 6569-6577
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Fig. 3 The mesophase and size behaviour of cholesterol-doped mono-
olein systems changing as butanediol is introduced into the system. Molar
proportion of dopant is indicated by colour: 2.5% (Blue), 5% (Turquoise),
7.5% (Green), and 10% (Yellow). The shape of the scatter point indicates the
mesophase: Qf (Diamond), Lz (Circle), L, (Square). Dashed lines have been
fitted using linear regression as a guide for the trend of the characteristic
length of the Lz mesophases, and coloured accordingly. In addition, the
Red dashed line is the linear regression to the pure monoolein Lz
mesophases seen in Fig. 2 as a reference. The vertical black dashed line
at 30% v/v indicates the position of the Qf/Ls transition in a pure
monoolein lipid system.

as the cholesterol content of vesicles is increased, the relative
bending rigidity does so correspondingly.’® In the context of
this work, an increase in bending rigidity would explain why
the Lz characteristic length is mostly reduced in comparison to
the L; phases we see in undoped systems. As the Gaussian
bilayer bending modulus is dependent on spontaneous curva-
ture, an increase in bending modulus is therefore likely to
increase the Gaussian curvature of the system, therefore bring
bilayers closer together, and reducing the characteristic length
of the L; mesophase observed.®

Perhaps the most notable feature of the cholesterol-doped
systems in the solvent range examined is the emergence of the
L, mesophase at high concentrations of cholesterol. As shown
in Fig. 3, at a level of 10% mol cholesterol doping, the system
undergoes a second phase transition from the L; to the L, at a
butanediol solvent concentration of 45% v/v. Cherezov et al.*'
found that above a 20% mol doping, cholesterol-doped mono-
olein will both form a flatter Q;; mesophase and precipitate out
of the membrane into crystals of cholesterol monohydrate.*'
Although in comparison we only observed this phenomenon at
10% mol, it is likely that thermal fluctuations will affect the
stability of the L; mesophase significantly, so it is unsurprising
that we similarly observe a transition to a flatter mesophase at
reduced solvent conditions.

3.2.2 Two common phospholipids: DOPE & DOPC. As
common biological membrane phosopholipids, it could be
expected that DOPE and DOPC act as essential cocrystallised
lipids in LCP trials for a wide number of membrane proteins. In
order to understand the effect that they have on L; mesophases,

This journal is © The Royal Society of Chemistry 2023
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we repeated the cholesterol doping experiments using both
these phospholipids, the results of which are shown in Fig. 4.

Of all the dopants studied in this work, the mesophase
sequence behaviour of DOPE-doped systems, shown in Fig. 4a
is the least modified in comparison to the undoped one shown
in Fig. 2. There is no observable shift in the position of the
Qp/L; mesophase boundary, with data below these points
exhibiting a clear Qf} mesophase, and a L; mesophase above
this point. Moreover, unlike the cholesterol-doped systems, we
observed no further transition to the L, mesophase at any
either butanediol solvent proportion or dopant concentration.

Where DOPE-doped systems do differ, however, is in the
clear trend that these systems have for the reduction in the L;
mesophase characteristic length in correspondence to the
increase in the concentration of dopant molecules in the
membrane. Indeed, at 47.5% v/v butanediol, there is a decrease
from 151 A to 94 A of the L; characteristic length on increasing
the dopant proportion from 2.5% to 10% mol. In comparison in
water, a DOPE-doped MO system reduces the lattice parameter
of the Q) mesophase before inducing a mesophase transition at
20% mol.** While the authors note that in cubic phases, lattice
size is a non-trivial function of spontaneous curvature, the
extent of the reduction observed here suggests that it has a
significant influence. A reduction in the characteristic length of
the L; mesophase is suggestive of a more tightly arranged
structure (i.e. highly curved) between successive ‘necks’ of the
membrane, likely driven by the greater wedge shape of the type
II DOPE dopant.

In contrast to the relatively simple and unmodified phase
sequence that are observed by doping with DOPE, the meso-
phase behaviour for monoolein doped with the type 0 lipid
DOPC is significantly more complex. We show the results in
Fig. 4b and c, split between lower levels of doping (Fig. 4b) and
higher levels (Fig. 4c). As one expects in both cases, the initial
introduction of butanediol into the solvent merely swells the
size of the Q] mesophase observed rather than brings about a
mesophase transition.

At lower proportions of DOPC in the membrane (Fig. 4b), the
Qp/L; transition does not appear to shift with respect to the
point for monoolein L; phases alone. Interestingly, the L;
characteristic lengths subsequent to the transition are of a
comparable length to the undoped data. This similarity is
notable in comparison to the slight reductions observed at
these proportions seen in DOPE-doped systems, as it further
demonstrates the effect the shape parameter has on the resul-
tant L; mesophase. As a type 0 lipid, the increased system-mean
head group area in DOPC-doped systems promotes less curved
membranes, and therefore L; mesophases with increased char-
acteristic lengths.

On increasing the proportion of DOPC in the membrane as
shown in Fig. 4c, the QJ/L; transition point is significantly
increased to 37.5% v/v butanediol for 10% mol DOPC, and 40%
v/v butanediol for 7.5% mol DOPC. Molecular dynamics and
spectroscopy studies investigating the water/lipid interface
have shown that phosphocholine headgroups allow for a looser
packing of water at the interface, and that hydrogen bonds can

Soft Matter, 2023,19, 6569-6577 | 6573
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be formed between the phosphocholine carbonyl groups and
water.>*” Evenbratt et al.>” showed using ' H NMR that diols
form the L; phase by molecular partitioning at the polar/non-
polar interface.”” The introduction of high levels of DOPC
therefore increases the hydration of the bilayer at the interface,
at the expense of the presence of butanediol, and so the Q}
mesophase is sustained for higher proportions of butanediol in
the solvent than is otherwise expected. This increased presence
of water is corroborated by the larger lattice parameters for Qf
mesophases observed above 30% v/v butanediol, which implies
a flatter (less curved) membrane and more hydrated interface.

Considering the increased hydration of the interface with
the introduction of more DOPC, it is perhaps surprising that
the L;/L, transition is not reduced correspondingly. We only
observed a system of coexisting (normal) micelles and L,
mesophases for both dopant levels at 47.5% v/v butanediol.
As Fig. 4c shows, for both the higher proportions of DOPC, we
only observed a L;/L, transition at 47.5% v/v butanediol for
both systems, where there is also coexistence with micelles. As a
type 0 lipid, DOPC has a larger headgroup to begin with than
monoolein, which could be expected to lower this transition
accordingly. That the transition is only lowered slightly sug-
gests that there is a delicate interplay in this transition between
the role of headgroup size and the partitioning effect of
butanediol. The coexisting micelles are likely a result of the
shape mismatch between monoolein and DOPC in the
membrane, which in the presence of butanediol, could self-
assemble into micelles in order to maximise aggregate curva-
ture outside of the primary membrane system.

3.2.3 A common protein detergent: DDM. The addition of
DDM to monoolein in water at sufficient concentration is known to
destabilise the Q] mesophase induce a transition to the L,
phase.”®*® A QF mesophase is observed at intermediate concentra-
tions, as a result of molecular shape mismatch: the Qfj mesophase
has the largest interfacial surface area of any of the cubic phases."”
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We plot the results for lower- and higher- doped systems in
Fig. 5a and b respectively. In contrast to DOPE, cholesterol, or
DOPC, the addition of butanediol to the solvent in lower-doped
systems does not appear to have any significant swelling effect
on the QJ lattice parameter, although the addition of 5% DDM
in water increases the size of the Q% seen to 145 A, which is
maintained at 20% v/v butanediol. Unlike in water, we did not
observe a Qfj mesophase at any DDM proportion, with all
dopant concentrations producing Qf; mesophases. Above 30%
v/v butanediol, we observed a transition to the L; mesophase
for both 2.5% mol and 5% mol doped systems. However as the
proportion of butanediol is further increased, the mesophase
behaviour of the lower-doped systems diverges. The 2.5% mol
doped system continues in the L; phase, while for the 5% mol
doped system, the L;/L, mesophase transition is significantly
lowered to 35% v/v butanediol, where it coexists with normal
micelles. In comparison, the 2.5% mol system only sees this
transition at 47.5% v/v butanediol, the same solvent conditions
for very highly-doped systems of DOPC (Fig. 4c).

On further increasing the proportion of DDM in the
membrane more, the destabilising effect of DDM is immedi-
ately observed. While at 7.5% mol, the system in water remains
in the Q mesophase, at 10% mol, the system has transformed
into a coexisting L, and micellar system. The 7.5% mol system
also exhibits this at 20% v/v butanediol, and this is
subsequently observed for both strongly-doped systems above
30% v/v. The subsequent increase in butanediol proportion in
the solvent further demonstrates the incompatibility of DDM
with MO-based mesophases, as the system continues to solely
exhibit normal micelles and L, mesophases.

3.3 Using electrostatics to form sponge phases

In addition to the 4 dopants described above, we also consid-
ered the possible effect of combining the anionic lipid DOPG
with cholesterol on L; mesophases. Studies using DOPG as a
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Fig. 5 The mesophase and size behaviour of MO doped with (a) low (2.5%, 5% mol) proportions of DDM, (b) high (7.5%, 10% mol) proportions of DDM
with varying proportions of butanediol in the solvent. The dopant proportion is indicated by the colour of the scatter point, and the mesophase by its
shape. The vertical dashed lines indicate the location of the Qf/Ls transition in a system of only MO.
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single dopant resulted in a variety of scattering patterns, shown
in the ESIt as Fig. S22-S24. These scattering patterns show little
discernible structure, and there is little clear evidence of such
mesophase transition sequence as the QJ-L;-L, observed with
other single dopants. Insofar as there is evidence of mesoscale
self-assembled structure, it is possible to identify Qf meso-
phases upon addition of low quantities of butanediol, with
Bragg peaks at ratios of v/2:v/4:v/6, and L, mesophases at
several high proportions of butanediol addition. In between,
however, there is little to no signal present — at least in the
g-range it is possible to measure - and it is not possible to
determine a definitive mesophase from the data available. If
very large mesophases do exist outside of the measured range,
it may be possible that recent synchrotron USAXS techniques
could be used to determine their structure.®" We therefore took
inspiration from the ternary system of MO, DOPG, and choles-
terol, previously used by Tyler et al.'® to create some of the
largest lipid cubic phases observed, showing that a mixture of
80/15/5 MO/cholesterol/PG heated to 45 °C adopts a Qf; phase
with a lattice parameter of 415 A. As these results suggest that
the effect of even a small proportion of DOPG in the membrane
is significant, we chose to use two high molar ratios of
cholesterol to DOPG while keeping the proportion of MO the
same in order to maximise chances of observing the L; meso-
phase in the solvent sequence.

We show both sets of results in Fig. 6. A L; mesophase was
only observed in the system with 1% mol DOPG and 9% mol
cholesterol. On changing this ratio to 3% mol and 7% mol
respectively, we observed extremely large L, mesophases, in one
instance with a lattice parameter of over 500 A, and consistently
over 200 A. Where we did observe the L, phase in the first
system, it had a consistently larger characteristic length than

This journal is © The Royal Society of Chemistry 2023
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we observe for MO alone in Fig. 2. Over the solvent range from
32.5% v/v butanediol to 47.5%, the characteristic length grows
from 110 A to 222 A, with a peak of 239 A observed at 42.5%.
Therefore, the condensing effect of cholesterol previously
observed in Fig. 3 can be used advantageously to stabilise
electrostatically-doped systems to result in the largest L; meso-
phases observed to date.

4 Conclusions

We have demonstrated that the lipid L; sponge mesophase can
successfully and stably be doped with additive lipids. A sum-
mary phase diagram of the four single dopants is shown in
Fig. S2 (ESIY). In most cases, we have shown that the presence
of additive lipids shrinks the characteristic length of the L;
mesophase. This finding will have significance for designing
LCP trials, as proteins with both large extracellular domains
and essential co-crystallisation lipids will need to have the
membrane environment carefully tailored to maximise the
chances of successful crystallisation. However, we have
also shown that use of electrostatic lipids such as DOPG can
be used in conjunction with cholesterol to significantly increase
the characteristic lengths of L; mesophases. Using these
cholesterol-stabilised electrostatically-doped mesophases, we have
observed sponge phases with characteristic lengths of around
240 A, significantly larger than in MO alone. These results will
should help inform the engineering design rules for future LCP
crystallisation trials.

Regarding the QJ)/L; transition itself, here we have shown
that the transition is sensitive to both the average headgroup
area of the membrane and the bending modulus, indicating
that the shape parameter S plays a critical role in regulating the
transition. In the case of the headgroup area, we have shown
that by increasing the interfacial area per molecule in the
system increases the proportion of sponge-forming agent
required in comparison to L; mesophases formed of MO alone.
Similarly, using cholesterol - known to increase membrane
moduli - slightly increases the proportion of sponge-forming
agent required. DDM - which destabilises the monoolein
Qf mesophase by inducing a transition to the Qff mesophase -
drastically reduces the ability for L; mesophases to form.
This is a particularly significant result, as it suggests that
membrane proteins purified using DDM as a detergent could
have a significant effect on the ability of those proteins to be
incorporated into a monoolein host membrane, and subse-
quent crystallisation.

Techniques used to study the L; mesophase in recent years
have mainly been limited to SAXS, such that the transition and
relationships between the QF and the L; mesophases are
studied statically. In future, methods to study the L; mesophase
could take into account the dynamic nature of the phase
transition, by investigating the structural rearrangement of
lipid molecules in the process through techniques such as
molecular dynamics.
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In the context of LCP crystallisation, this study has shown
that while many previous studies have been able to dramati-
cally increase the lattice parameter of cubic phases using
anionic doping, the effect of other crystallisation additives
can prove to be otherwise counter productive. While it is
impractical to investigate the combined effect of every possible
crystallisation screen, we have shown here that in particular,
the inclusion of cholesterol can stabilise electrostatically
charged systems. These results should help inform future
LCP trials where the need for large water channels is key to
successful crystallisation conditions.

To further emphasise the increasing importance of an
understanding of the L; mesophase, the advent of X-ray free
electron lasers (XFELs) suggests that the direct use of the Ls
mesophase will become more important in future.®*® In this
technique, the fluid properties of the L; mesophase are taken
advantage of to flow small droplets of membrane protein
embedded in a lipid L; mesophase-based crystals into a pulsed
X-ray source. The understanding of the dynamics affecting the
structure of the L; mesophase presented in this work is there-
fore instructive with the design of XFEL protein structure
experiments.
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