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Abstract

Lipid monolayer spontaneous curvatures (or lipid intrinsic curvatures) are one of several material
properties of lipids that enable the stored curvature elastic energy in a lipid aggregate to be
determined. Stored curvature elastic energy is important since it can modulate the function of
membrane proteins and plays a role in the regulatory pathways of phospholipid homeostasis. Due to
the large number of different lipid molecules that might theoretically exist in nature, very few lipid
spontaneous curvatures have been determined. Herein the values of lipid spontaneous curvatures
that exist in the literature are collected, alongside key experimental details. Where possible, trends
in the data are discussed and finally, obvious gaps in the knowledge are signposted.
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1.0 Introduction

The elastic theory of lipid membranes was developed by Helfrich [1] to describe how the
free energy of lipid bilayers changes in response to the geometry they are confined within. Since its
inception the elastic theory of membranes has enabled quantitative models of cell membrane-
protein interactions to be developed [2,3], ultimately giving rise to the intrinsic curvature hypothesis
i.e. that cells regulate the stored elastic energy of their bilayer membranes [4,5]. A key concept of
the theory introduced by Helfrich is the idea of bilayer spontaneous curvature, which is typically
determined using tether-pulling experiments [6]. Bilayer spontaneous curvatures can, as shown in
giant unilamellar vesicles, vary with osmotic pressure induced by sugar molecules [7], or be
controlled by membrane binding proteins [8]. However, because lipid bilayers comprise of two fused
monolayers back-to-back, some of the properties of lipid bilayers can be modelled by considering
the properties of the individual monolayer leaflets.

The lipid monolayer spontaneous curvature or lipid intrinsic curvature (co) is an important
material parameter of lipids that enables curvature elastic energy in lipid monolayers to be
quantified. Stored elastic energy arises in monolayers when lipids with a preference for one
curvature are confined to a different curvature, known as curvature frustration. The curvature
frustration concept is particularly relevant to cellular studies since many lipids found naturally within
cell membranes do not readily form bilayers, but rather, preferentially form tightly curved
structures, like the inverse hexagonal (H;) structure [9]. Developing quantitative models of biological
membranes, which take account of stored curvature elastic energy and its contribution to the
regulation of membrane protein activity, via modification of membrane lipid composition [10],
requires knowledge of the ¢y values of lipids, in addition to other elastic constants. Unfortunately,
the time-consuming nature of determining c,, coupled with the many thousands of different
individual lipids, means that comparatively few values of ¢, have been reported. Herein those
published ¢ values are collected and trends detailing the dependence of ¢y on ionic strength and
temperature are briefly discussed. Prior to this, and for those new to the field, a brief overview of
key elements of the elastic theory of membranes is provided, key texts detailing techniques to
accurately measure ¢y are signposted, and examples of biological studies where ¢, values are vital to
develop quantitative models are presented.

1.1 Curvature elastic energy in lipid aggregates

Curvature elastic energy in monolayers can be quantified by the Helfrich Hamiltonian,
Equation 1, see Deserno [11] for a detailed review, where the elastic free energy (AG.) of bending a
monolayer of surface area A is

AG. =Y K'MA(Cl +Cr— Co)2 + KGAC1C> Eq. 1

such that, ¢; (=1/R1) and ¢z (=1/R;) are the principal curvatures of the interface (monolayers that
curve toward water are defined as having negative curvature), xi is the monolayer bending rigidity
and xg is the Gaussian curvature modulus. A fairly extensive review of the elastic constants xy and
xc for individual lipids can be found in the literature [12]. ¢y is defined as 1/ Ry, i.e., the radius of
curvature formed by an unstressed lipid aggregate. As noted [11], a degree of caution needs to be
applied due to different conventions describing cp values, which is not always made clear in
individual studies, since cp = 2Ho, where Hp is the mean spontaneous curvature [13].
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Determinations of Ry are made using small angle X-ray diffraction, see Kozlov for detailed
method [13], utilising inverse hexagonal lipid mesophases. Measurements on H, phases have the
distinct advantage that Hy phases are often stable in excess water. Since the lattice parameter (dhex)
of the inverse hexagonal phase stabilises above the limit of hydration, it was initially considered that
this limit reflected the lipid spontaneous curvature. Later, however, studies of H, phases under dual
solvent stress [14] showed that the partitioning of hydrophobic solvents like dodecane into the
interior of the H, phase relieved packing stresses, allowing lipids to reveal an underlying propensity
towards curved aggregates, now interpreted as ¢y [15]. DOPC is a classic example of this; in the
absence of hydrocarbon, it forms a lamellar phase and in the presence of hydrocarbons it forms a Hy,
phase [16]. The position of the plane of measurement of Ry is a critical definition, which involves
choosing a dividing surface along the length of the lipid molecule. Measurements of ¢y have been
made at the pivotal plane (R,) (i.e. the plane where area per lipid does not change on monolayer
bending), since this dividing surface was historically easier to identify than the neutral plane (R,).
However, the advantage of measuring ¢, values at the neutral plane arises because the elastic
moduli of stretching and bending are independent at this dividing surface. As a result, changes in the
free energy for deforming a lipid monolayer only require expressions with terms that relate to the
pure bending and pure stretching deformations. In contrast at all other dividing surfaces a further
term describing mixed deformation (i.e. concurrent stretching and bending) is required, hence
measurements at the neutral surface simplify free energy calculations, particularly when tightly
curved monolayers are considered [17].

Aided by electron density reconstructions of the H, phase, which allow R, to be determined,
an increasing number of studies have emerged where ¢y is determined at the neutral plane [18-20].
This is enabled by using the relationship Ro = R, = Ry + du1 , where dy; is found to be circa 0.44 + 0.05
nm for DOPE [18]. It is also worth noting that a number of studies rely on estimates of the position
of the pivotal or neutral planes, which are taken from related lipid systems, to calculate ¢ [21-23].
Figure 1 shows the structure of the H, phase and identifies the pivotal and neutral planes.
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Figure 1. The structure of the inverse hexagonal phase and its relationship to measuring lipid
monolayer spontaneous curvatures. Figure 1A shows the structure of the Hy phase, water occupies
blue areas, grey shading indicates interstitial sites in relation to the hexagonal lattice parameter
(dhex). Figure 1B shows the structure of an individual lipid-lined water channel for a mixture of host
and guest lipids. The radius of the water cylinder (Rv), radius of the pivotal plane (R,) and radius of
the neutral plane (R,) are indicated.
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Work on lipid mixtures suggests that the principles of linear additivity and ideal mixing can be
applied to enable the spontaneous curvature of the lipid mixture (comix) to be calculated from its
components [24], as shown in Equation 2.

Comix = AmrCoa + BmrCos + CmrCoc ... etc. Eq. 2

where A, B and C are individual lipid species and the subscripts yr and ¢, denote the mole fraction
and cp values of each individual lipid component. It should be noted that Equation 2 is an ad hoc
assumption and under certain circumstances, such as when there is a significant mismatch in lipid
chain length, it does not hold valid, as shown by molecular dynamics simulations of lipid mixtures
containing cholesterol or sphingomyelin [25].

The concept of ideal linear mixing enables the ¢y values of a range of other lipids to be
calculated, most usefully lipids that don’t form H, phases [18]. This is the origin of the so-called host-
guest technique for determining lipid monolayer spontaneous curvatures, shown in Figure 1B. Host
lipids are lipids that form Hy phases, frequently DOPE, guest lipids are introduced at defined mole
fractions, comix is measured and the ¢y of the guest lipid is calculated using Eq. 2. Underpinning the
calculation of ¢y in the literature are a couple of common assumptions. The first is that ideal linear
mixing occurs, which is seemingly valid for low mole fractions of guest lipids. This, of course, means
that all co values determined by the host-guest method are subject to the assumption that Eq. 2
holds true. Where evidence of lateral phase separation exists; the assumption that ideal linear
mixing occurs within the domains is used, if the lipid composition of these domains is known then
the elastic properties of the mixture can be determined [18]. Secondly, many studies rely on the
relatively low variation observed for xu values for different lipids and hence assume that xj is
constant for the lipid mixture under study. Some ¢y calculations assume that ¢y is not dependent on
temperature over the range studied. In general, such assumptions are well founded and clearly
identified in the different studies. Inevitably, however, the limits of using them are revealed by
systematic studies, suggesting caution needs to be exercised when making then.

Finally, whilst the use of Eq. 2 is widespread, it is instructive to point out that it has the
tendency to reinforce the concept that individual lipid molecules have a certain defined shape.
Extrapolating this ideal geometric lipid shape concept to the final organisation of lipid bilayers,
comprising of lipids that prefer to form curved aggregates, has been argued to result in packing
defects and voids [26]. However, one must not forget that lipid aggregates are dynamic systems and
lipids are flexible molecules, which diffuse laterally through lipid aggregates. In such systems packing
defects are likely averaged out as the flexibility of individual lipid molecules allows them to adapt to
the local molecular environment.

1.2 The use of monolayer spontaneous curvature values in biological systems

Aside from academic interest in obtaining accurate co values for lipids there has been much
interest in constructing quantitative models of membrane protein regulation [2,20,27-29]. Lipid co
values have been widely used for this; they can be used to estimate the curvature elastic stress in
bilayer membranes and relate this to protein activity [2,29,30]. Computational studies have also
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established that stored curvature elastic stress regulates membrane lipid synthesis and many of
these models have been parameterised by co values available in the literature [10,31-35]. In a wider
context, evidence suggests that some antineoplastic compounds target stored elastic energy in
membranes [36,37] and oxidative stress of membranes can be mediated by membrane curvature
elastic energy [38]. Furthermore, lipid nucleic acid interactions [39—41] are important in a number of
contexts like gene delivery [42] and lipid curvature and the associated free energies play a role in
understanding the mechanism behind lipid absorption in the intestines [43]. In these biological
environments it is a challenge to determine whether a representative value of ¢y exists in the
literature (i.e. measured under similar experimental conditions). This is less of an issue for

temperature, since most studies have determined ¢, between room temperature and 37 °C, but

more complicated for charged lipids, where co values are ionic strength dependent.

When there is less interest in the absolute accuracy of ¢y values and more interest in
consistency with an overall hypothesis, several rapid methods to determine ¢y values have also been
reported. Typically such methods rely on the relationship between the swelling of the H, phase and
the relative cp values of a guest lipid in a well characterised host lipid [23], or pipette aspiration
techniques [44]. The following data tables list ¢y values found in the literature, alongside key
experimental details such as measurement temperature and buffer, the reader is recommended to
refer to the original publications to understand any assumptions made in the calculation of co.
Section 2.1 details the abbreviations used to describe the different lipids and buffer systems across
all tables.

2.1 Terminology: abbreviations of buffers and lipids

The following abbreviations are used throughout, phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylphosphate (PA), phosphatidylserine (PS),
phosphatidylphosphoglycerol (PG), cardiolipin (CL), lysophosphatidylethanolamine (LPE),
lysophosphatidylcholine (LPC), lysophosphatidylphosphate (LPA), lysophosphatidylserine (LPS),
lysophosphatidylphosphoglycerol (LPG), diacylglycerol (DAG), monoacylglycerol (MAG),
sphingomyelin (SM), diacylglyceryl-3-O-carboxyhydroxymethylcholine (DGCC), sulfoquinovosyl
diacylglycerol SQDG, monoglucosyldiglyceride (MGDG) and phosphoglycerophosphate (PGP).

Other abbreviations used are N-nitrobenzoxadiazole (NBD), tetradecane (TD), dodecane (DD),
tricosene (TS), N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES), 2-(N-
morpholino)ethanesulfonic acid (MES), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES), Ethylenediaminetetraacetic acid (EDTA), piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES),
tris(hydroxymethyl)aminomethane (TRIS) and 2-[Bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol (BIS TRIS).

Table 1 provides a key to each individual lipid and the abbreviations used to denote these lipids in
this manuscript. The alkyl chain length, number of unsaturations and position of unsaturation is
defined for all fatty acids, using the standard approach. Such that 18:1 (n=9) refers to a straight chain
fatty acid with 18 carbons, 1 unsaturation, 9 carbons from the end of the alkyl chain. In this
definition the cis configuration of the double bond and the acyl (ester) linkage to the glycerol is
implicit. Alkyl (ether) linkages are defined by the letter a and trans isomers are defined by the letter
t.
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Table 1 Lipid abbreviations

Lipid name

Abbreviation

1,2-di-O-dodecyl-sn-glycero-3-phosphoethanolamine
1,2-dilauroyl-sn-glycero-3-phosphoethanolamine
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
1,2-diarachinoyl-sn-glycero-3-phosphoethanolamine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine
1,2-dipetroselinoyl-sn-glycero-3-phosphoethanaolamine
1,2-divaccenoyl-sn-glycero-3-phosphoethanolamine
1-stearoyl-2-docosapentaenoyl-sn-glycero-3-phosphoethanolamine
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine
1,2-di-O-phytanyl-sn-glycero-3-phosphoethanolamine
1,2-dioleoyl-sn-glycero-3-phospho-N-methylethanolamine
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
1,2-didecanoyl-sn-glycerol-3-phosphocholine
1,2-dilauroyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
1,2-distearoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-di-O-phytanoyl-sn-glycero-3-phosphocholine
1,2-di[(2'-hexyl)decanoyl]-sn-glycero-3-phosphocholine
1,2-di[(2'-octyl)dodecanoyl]-sn-glycero-3-phosphocholine
1,2-di[(2'-decyl)tetradecanoyl]-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phosphate

1,2-dioleoyl-sn-glycero-3-phospho-L-serine
1,2-dioleoyl-sn-glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

tetraoleoylcardiolipin

1-lauroyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
1-stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine
1-oleoyl-2-hydroxy-sn-glycero-3-phosphate
1-oleoyl-2-hydroxy-sn-glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)

D12aPE
DLPE
DMPE
DPPE
DAPE
POPE,
DiPoPE
DOPE
DEPE
DPLPE
DVPE
SD5PE
SD6PE
DiPhyPE
DOPE-Me
NBD-DMPE
NBD-DPPE
NBD-DOPE
DCPC
DLPC
DMPC
DPPC
DSPC
POPC
SOPC
DOPC
DiPhyPC
PC (10,6)
PC(12,8)
PC (14,10)
DOPA
DOPS
NDB-DOPS
POPG
DOPG
TOCL
L-LysoPE
P-LysoPE
S-LysoPE
O-LysoPE
L-LysoPC
P-LysoPC
O-LysoPC
O-LysoPA
NBD-lysoOPS



Accepted version: Chemistry and Physics of Lipids 239C (2021) 105117

Received 24 April 2021, Revised 3 July 2021, Accepted 9 July 2021, Available online 12 July 2021.

1-myristoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)

1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)

1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-

yl)
1,2-didecanoyl-sn-glycerol

1-2-dioleoyl-sn-glycerol

cholesterol

monoolein

oleic acid

elaidic acid

alpha-Tocopherol
trans,trans-2,4-decanedienal
cis-11-hexadecenal

cis-retinal

trans-retinal

trans-retinoic acid
N-palmitoyl-D-erythro-sphingosylphosphorylcholine
egg sphingomyelin
N-acetoyl-D-erythro-sphingosine
N-hexanoyl-D-erythro-sphingosine
N-palmitoyl-D-erythro-sphingosine
N-lignoceroyl-D-erythro-sphingosine
diglucosyl dioleoylglycerol
glycerophosphoryldioleoylglycerol
monoglucosyldioleoylglycerol

2.2 Monolayer spontaneous curvature values of phosphatidylethanolamine lipids

NBD-lysoMPE
NBD-lysoPPE
NBD-lysoOPE

DCG

DOG

Chol

MO

OA

EA

a-Toc

DD

HD

cR

tR

tRA

PSM

ESM

C2:0 Cer
C6:0 Cer
C16:0 Cer
C24:0 Cer
DGIcDOG
GPDGIcDOG
MGIcDOG

Table 2 shows collected values of cg values for PE lipids. Due to their negative curvature
preference, PE lipids tend to form H, phases spontaneously, although shorter chain lipids require
elevated temperatures to do this [45]. There is a general expectation that as the chain length of
saturated lipids increases co becomes more negative, reflecting the need to accommodate the
molecular motions of the longer chains [46,47]. Due to their measurement at varying temperatures,
different experimental conditions and at R, or R, the values in Table 2 cannot be unambiguously
used to quantify this relationship. However, as the unsaturated chain length increases, from 12
through to 16 carbons, co becomes more negative. It is unclear if the levelling-off of ¢, seen for DAPE
is an artefact of the high temperature of measurement or genuine behaviour. Figure 2A summarises

this data.
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Figure 2 variation of ¢ with saturated diacyl chain length and unsaturation for PC and PE lipids.
Figure 2A shows data for increasing saturated diacyl chain length and Figure 2B shows data for
increasing unsaturation. PC lipids are shown in grey and PE lipids are shown in white. In the absence
of an error bar in the published data a 10 % error was applied. Data values are shown in Tables 2 and
3.

Only a few monounsaturated PE lipids have had their ¢, value determined, which is a clear
gap in the literature. More dimonounsaturated PE lipids, like DOPE, have had co determined under a
variety of different conditions, both at R, and R,.. Values range from -0.0451 A at 90 °C [30] through
to -0.0333 A" [48]. The large range in values is probably a reflection of measurements at R, or Ry,
temperature variance and the effects of different buffers. Changing the position of unsaturation, but
retaining overall chain length, keeps co negative as does changing from cis to trans configuration,
shown in Table 2 for DOPE, DEPE, DPLPE and DVPE. It should be noted that ¢, for DEPE was
estimated for the purposes of this study using temperature dependent dpex values [49] and the
method of Dymond [23], with the assumption that the pivotal plane position of the 18:1t (n=9) DEPE
chain is the same as for DOPE. The same assumption was made by Epand et al. [21] when
determining ¢, for DPLPE and DVPE. Similarly, polyunsaturation in lipid chains retains the negative
value of ¢y, with ¢p values of SD5PE and SD6PE being similar to DOPE, obtained at the same
temperature and conditions [50]. Both trends are expected and overall, there is a suggestion that ¢
decreases as the number of unsaturations increases, although the range of different conditions and
different combinations of chain length used to obtain the data prevent quantitative comparisons
across studies. It is perhaps surprising that SD5PE and SD6PE exhibit similar cp values to DAPE, but
mismatch in the acyl chain lengths might explain this. Figure 2B shows this data comparing PE and
PC lipids. DiPhyPE has the most negative cp of any PE lipid reported [23], which is consistent with the
branching in the alkyl chain of this lipid, increasing the effective chain volume. Headgroup
modifications such as methylation and the introduction of fluorescent labels influence PE ¢, values,
but these lipids still retain their negative curvature preference.

The temperature dependence of ¢, for DOPE, DOPE-Me, DPLPE and DVPE lipids has been
determined in several studies, indicated in Table 2. Values of ¢, for these PE lipids decrease as
temperature increases, caused by the greater range of motion of the hydrocarbon chains with

8
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elevated temperature. Over the temperature range of observation, these lipids all show linear
dependence of cp on temperature, as summarised in Figure 3. Overall the data show that ¢, varies by
about + 10% over * 25 °C, this is a comparatively small value but it is worth noting that the gradient
changes with the position of unsaturation [21] and number of unsaturated acyl chains [18]. Chen et
al. [51] have studied the temperature dependence of DOPE in a range of Ca®* concentrations finding
that the temperature dependence of ¢y, like the ¢, of DOPE, is not influenced by Ca?* concentration.
All measured values of the ¢y dependence of DOPE are in agreement with values approximated from
the temperature-driven swelling of the change in dimension of the DOPE H, phase [52,53]. A
detailed theoretical treatment has also been published [24].

Finally, careful examination of the co values of DOPE in Table 2 suggests a small degree of
buffer and pH dependence. Systematic studies show the effects of divalent cations are very small
[51], but it is worth noting the range of ¢y values of DOPE reported across multiple studies might also
be due to the effects of individual buffer interactions with the lipids [54].
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Figure 3 variation of cp with temperature for PE lipids. Grey circles and unfilled squares show data for
DOPE and POPE, respectively (in water, TS) [18]. Grey crosses, filled triangles and filled diamonds
show data for DOPE, DPLPE and DVPE respectively (in 2.0 mM TES, pH 7.4, TD) [21], data were
extrapolated from graphs and error bars reflect resultant uncertainty. Unfilled circles show data for
DOPE-Me (in water, DD) [55].
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Table 2 Monolayer spontaneous curvature values of phosphatidylethanolamine lipids

Chains Lipid Matrix co (AY) Buffer/ Components in mixture T/°C Ref dco/dT
(Aec?)
saturated
12:0a, 12:0a D12aPE -0.04801¢ Water 135  Bo
12:0, 12:0 DLPE -0.022 + 0.002" Water, TS 35 Pl
14:0, 14:0 DMPE -0.0314 + 0.0006" Water, TS 80 (29]
16:0, 16:0 DPPE -0.0380 £ 0.0190" 20 mM NasPQOg4, 130 mM NaCl, pH 7.4 35 Pl
20:0, 20:0 DAPE -0.0358¢ Water 99 (30]
monounsaturated
16:0, 18:1 (n=9) POPE DOPE -0.0317 £ 0.0007" Water, TS 35 (19]
-0.0350 + 0.0070” 20 mM NasPOg4, 130 mM NaCl, pH 7.4 35 [20]
-0.0316 £ 0.0007" Water, TS 37 a8 2.7(+x0.7)x10*
dimonounsaturated

16:1 16:1 DiPoPE -0.0382 +0.0009 Water, TS 35 [

-0.037 £0.001 Water, TS 35 eI -1.7 x 10%¢

18:1 (n=9), 18:1(n=9) DOPE -0.0353 £ 0.0025 2.0 MM TES, pH 7.4, TD 8 (21 -1.7 x 10*
-0.0342¢ Water 10 3]
-0.0333 Water, TD, pH 7.2 20 (48]
-0.0385 0.013 M HCland 0.087 M KCI, TD,pH2 20 (48]

-0.0331 £ 0.0009 10 mM HEPES, TD 20 oo -1.7 x 10%¢

-0.0340 + 0.0009 10 mM HEPES, 10 mM CaCl,, TD 20 o -1.8x 10%¢

-0.0342 + 0.0008 10 mM HEPES, 30 mM CaCl,, TD 20 o -1.8 x 10%¢

-0.0343 + 0.0009 10 mM HEPES, 50 mM CaCl,, TD 20 o -1.6x 10%¢

-0.0343 £ 0.0009 10 mM HEPES, 70 mM CaCl,, TD 20 B -1.5x 10%¢

-0.0347 £ 0.0009 10 mM HEPES, 100 mM CaCl,, TD 20 oo -0.9 x 10%¢
-0.0420 £ 0.0048 Water RT (57)
-0.0444 £ 0.0020 Water, TD RT (7]
-0.0351 Water 22 58]
-0.0340 Water, TD 22 58]

10
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-0.0370 £ 0.0013 Water, TD 22 (59
-0.0435 £ 0.0018 25 mM TES, 25 mM MES, 150 mM 22 (59
NaCl, TD
-0.0455 £ 0.0020 25 mM TES, 25 mM MES, 150mM 22 (59
NacCl, 25 mM CaCl,, TD
-0.0324 2mMTES, TD 22 (14]
-0.0372 £ 0.0026 Water 30 501
-0.0399 £ 0.0005" Water, TS 35 a8 .1.3(+0.4)x10*
-0.0409 £ 0.0010" Water, TS 35 (29]
-0.041 £ 0.001" Water, TS 35 (561m -1.6 x 104¢
-0.0451¢ Water 90 (30]
18:1t (n=9), 18:1t (n=9) DEPE -0.0394¢ Water 65 [49]
18:1 (n=11), 18:1 DVPE -0.0343 £ 0.0003 2.0 mMTES, pH 7.4, TD 28 (21 -2.4x10%¢
(n=11)
18:1 (n=6), 18:1 (n=6) DPLPE -0.0385 £ 0.0003 2.0 mMTES, pH 7.4, TD 37 (21 -1.9x 10%¢
polyunsaturated
18:0, 22:5 (n=6) SD5PE -0.0385 + 0.0027 Water 30 (50]
18:0, 22:6 (n=3) SD6PE -0.0364 £ 0.0025 Water 30 (50]
Branched
diphytanyl DiPhyPE DOPE -0.0650 + 0.0020 Water 27 (23]
Modified
headgroups
18:1 (n=9), 18:1(n=9) DOPE-Me -0.0316" Water, DD 50 B9 -1.3x10%¢
14:0, 14:0 NBD-DMPE EPC -0.0310 150 mM NaCl, 50 mM HEPES, 2 mM 37 [60]
EDTA
16:0, 16:0 NBD-DPPE EPC -0.0220 150 mM NaCl, 50 mM HEPES, 2 mM 37 [60]
EDTA
18:1 (n=9), 18:1(n=9) NBD-DOPE EPC -0.0310 150 mM NaCl, 50 mM HEPES, 2 mM 37 [60]
EDTA

" refers to studies where co is measured at the neutral plane, ¢ denotes an estimated value, T further temperature data available, ¢ calculated for the purposes
of this publication, using data in the cited study. Where errors are reported in the original publications these are reported. Abbreviations are defined in Table
1, Section 2.1.
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2.3 Monolayer spontaneous curvature values of phosphatidylcholine lipids

PC lipids are generally bilayer-forming and depending on their molecular structure will likely
exhibit weak positive or negative curvature. Values of ¢, for saturated diacylphosphatidylcholines,
shown in Table 3, broadly support this. As the chain length increases from 10 to 18 carbons, these
lipids express positive ¢y values, which decrease, shown in Figure 2A. It should be noted that a
negative value of ¢, for DSPC has been reported [18] but a subsequent study by the same authors
has revised this value [56]. Unsaturation in the alkyl chains promotes negative curvature in PC lipids,
as shown in Figure 2B for DSPC, SOPC and DOPC. The introduction of branching in PC lipid
hydrocarbon chains clearly promotes negative curvature to a magnitude comparable to that seen in
DOPE [61]. For example, the branched lipid PC(10,6) has ¢, of -0.0392 A, which compares well with
the values of DOPE shown in Table 2., whilst incorporating the phytanoyl alkyl chain also promotes
negative curvature in PC lipids (-0.021 + 0.001 A%).

Temperature variance data of ¢y is available for PC lipids recalculated here from Kollmitzer et
al. [18] and shown in Figure 4 and Table 3. As seen for PE lipids, there is a weak linear temperature
dependence of cp. In general, the gradient of ¢, temperature dependence differs slightly across the
PC lipids studied i.e. SOPC, DOPC, DPPC, POPC and DSPC, however the overall errors in these studies
[18] preclude any firm conclusions on how lipid chain length and unsaturation impact the
temperature dependence of cy. A recent updated study [56], further confirmed the weak
temperature dependence of DPPC, POPC and DOPC ¢, values. The ¢, values of branched PC lipids
have been measured at different temperatures and these also show weak temperature dependence,
as shown in Table 3.
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Figure 4 variation of ¢, with temperature for PC lipids. Filled (grey) circles, unfilled circles, unfilled
squares, crosses and filled triangles show data for DOPC, SOPC, POPC, DSPC and DPPC respectively
(in water, TS) [18].
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Table 3 Monolayer spontaneous curvature values of phosphatidylcholine lipids

Chains Lipid Matrix co (AY) Buffer/ Components in mixture T/°C Ref dco/dT
(Atec?)
saturated
10:0, 10:0 DCPC 0.0200 + 0.0100¢ 22 (62]
12:0, 12:0 DLPC DOPE 0.011 + 0.005" Water, TS 35 (561
14:0, 14:0 DMPC 0.0250 + 0.0100¢ 22 (62]
DOPE 0.007 + 0.002" Water, TS 35 [sel
16:0,16:0 DPPC DOPE 0.0068 + 0.0032" Water, TS 35 8" _35(+2.3)x10*
0.005 £+ 0.005" Water, TS 35 [>61T -5.6x10°¢
18:0, 18:0 DSPC DOPE -0.0100 £ 0.0044" Water, TS 35 8" 0.2 (+3.4)x10*
0.008 + 0.003" Water, TS 35 (561
monounsaturated
16:0, 18:1 POPC DOPE -0.0022 £ 0.0010" Water, TS 35 8 _1.8(+0.7)x10*
0.001 + 0.004" Water, TS 35 (5617 -1.1x10%¢
18:0, 18:1 SOPC DOPE -0.0010 £ 0.0018" Water, TS 35 a8 2.2 (+1.3)x10*
dimonounsaturated
18:1 (n=9), 18:1(n=9) DOPC -0.0115 Water, TD 32 (58]
DOPC DOPE -0.0091 £ 0.0008" Water, TS 35 8" _1.1(+0.6)x10*
-0.004 £ 0.004" Water, TS 35 eI -5.8x10°¢
Branched
diphytanoyl DiPhyPC DOPE -0.021 + 0.001" Water, TS 35 e 1.5x10%¢
1,2-di[(2’- PC(10,6) -0.0392 20 mM PIPES, 1 mM EDTA, 150 mM NaCl, 25 (o7 -4.6x10°¢
hexyl)decanoyl] 0.002% NaNs, pH 7.4, TD
1,2-di[(2’- PC(12,8) -0.0351 20 mM PIPES, 1 mM EDTA, 150 mM Nacl, 25 eur -2.9x10°°¢
octyl)dodecanoyl] 0.002% NaNs, pH 7.4, TD
1,2-di[(2’- PC(14,10) -0.0339 20 mM PIPES, 1 mM EDTA, 150 mM NaCl, 25 eur -1.86 x 10°>¢
decyl)tetradecanoyl] 0.002% NaNs, pH 7.4, TD
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" refers to studies where co is measured at the neutral plane, ¢ denotes an estimated value, T further temperature data available, ¢ calculated for the purposes
of this publication, using data in the cited study. Where errors are reported in the original publications these are reported. Abbreviations are defined in Table
1, Section 2.1.
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2.4 Monolayer spontaneous curvature values of anionic phospholipids

The cp values of anionic phospholipids are very sensitive to the concentration of monovalent
and divalent ions under the conditions of measurement. This is thought to be through a mixture of
electrostatic screening, which has been modelled using non-linear Possion-Boltzmann theory by
Lekkerkerker [63], and the bridging effects of divalent cations; pH is also likely to significantly impact
their co value.

In comparison to the zwitterionic lipids, relatively few ¢, values for anionic lipids like PA, PS,
CL and PG lipids have been determined. Values that have been obtained are for the acyl chain
combinations of the most abundant lipids in mammalian cells i.e., 18:1,18:1 or 16:0,18:1. Table 4
shows values of ¢, for these anionic lipids, which suggest significant counterion dependence. DOPA
lipids show negative ¢, values, which range from -0.0077 A in water through to -0.0312 + 0.0043,
induced by 100 mM CaCl,. The concentration dependence of the ¢, of DOPA in CaCl; is linear, varying
at 0.21 A*'M™ [51]. The temperature dependence studies available suggest that co values of DOPA do
not vary within error, data are shown in Table 4. This is attributed to increases in thermal motion of
the acyl chains being offset by temperature-dependent electrostatic effects [51]. In water, DOPS
exhibits positive curvature of 0.0069 A1, thought to be caused by inter headgroup repulsions, but
tight negative curvatures are induced by low pH (-0.0435 A™%). Interestingly, modification of DOPS by
the fluorescent NBD headgroup appears to give a negative curvature preference. The authors
attribute this to the conditions of experiment, notably the low composition of NBD-DOPS studied in
the membrane, which means inter-headgroup repulsion between NBD-DOPS molecules could not
occur [60].

Similar behaviour has been observed for low concentrations of DOPS and DOPA lipids in a
DOPE H; matrix, presenting evidence that ¢, values of DOPS and DOPA at pH 7.0 are dependent on
the competing effects of headgroup repulsion and bridging ions [23]. The range of ¢y values for this
study, shown in Table 4, supports the idea that headgroup-headgroup repulsion drives positive
curvature in DOPA and DOPS systems. When the concentration of these anionic lipids is too low for
headgroup-headgroup repulsion to dominate, or divalent cations are abundant enough for bridging
effects to occur, DOPS and DOPA have negative spontaneous curvatures, as modelled using kinetic
equilibria by the authors [23]. Observations like this raise interesting questions as to what the
spontaneous curvature of anionic lipids is in vivo, since it is hard to determine in vivo concentrations
of cations. Furthermore, these observations suggest that a degree of caution needs to be exercised
when selecting co values for enzyme assays that inevitably change the ratio of anionic lipids to
divalent cations in different studies. There appear to be no studies of the temperature dependence
of co for PS lipids.

Currently there are only a few studies quantifying the ¢, of PG lipids, these focus on DOPG
and show that it is also sensitive to divalent cations concentration but overall, the range of
curvatures achieved is less than for DOPS or DOPA. The temperature dependence of ¢, for PG lipids
has not been determined. Similarly, there are limited studies of the ¢y of CL lipids. TOCL shows weak
positive curvature (co = 0) in the absence of divalent cations and ¢, varies linearly at 0.14 A*M™* with
increasing CaCl,, inducing moderate negative co values. As for DOPA, the ¢, values of TOCL show no
temperature dependence, due to the increasing range of thermal motions in the hydrocarbon chains
being offset by changes to the electrostatics of the headgroups [51]. Since this behaviour has been
seen in DOPA and TOCL it is likely that no temperature dependence will be seen for the ¢y values of
other anionic lipids. This behaviour is expected to be dependent on the charge state of these lipids
under the conditions of study. Finally, it is worth pointing out that no ¢, values for
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phosphatidylinositol lipids could be identified in the literature although studies suggest these lipids
promote negative curvature [64].
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Table 4 Monolayer spontaneous curvature values of anionic phospholipids

17

Chains Lipid Matrix co (A) Buffer/ Components in mixture T/°C Ref dco/dT
(A*ec?)
PA
18:1 (n=9), 18:1(n=9) DOPA DOPE -0.0077 Water, TD 22 (59
DOPE -0.0217 25 mM TES, 25 mM MES, 150 mM NaCl, TD 22 [
DOPE -0.0233 25 mM TES, 25 mM MES, 150 mM NaCl, 25 mM 22 (59
CaClz, TD
DOPE -0.0106 £ 0.0039 10 mM HEPES, TD 20 BUT .1.5x10°¢
DOPE  -0.0122 +0.0195 10 mM HEPES, 10 mM CaCl,, TD 20 BU 4.0x10%°
DOPE -0.0233 £ 0.0074 10 mM HEPES, 50 mM CaCly, TD 20 So 1.0 x 104¢
DOPE  -0.0249 + 0.0032 10 mM HEPES, 70 mM CaCl,, TD 20 BY 20x10°¢
DOPE -0.0312 £ 0.0043 10 mM HEPES, 100 mM CaCl,, TD 20 (511" 8.0x10°>¢
DOPE  -0.043 +0.003 to Water 37 (23]
-0.034 £ 0.003¢
DOPE  -0.042+0.003to 150 mM BIS TRIS, 10 mM MgCl, and 3 mM CaCl, at 37 23]
-0.031 £ 0.002¢ pH 7.0
DOPE -0.068 £ 0.005 to 150 mM BIS TRIS, 50 mM MgCl, and 15 mM CacCl; 37 (23]
-0.042 £ 0.003¢ atpH 7.0
DOPE  -0.054+0.003to 150 mM BIS TRIS, 100 mM MgCl,, and 30 mM CaCl, 37 (23]
-0.045 £ 0.004°¢ atpH 7.0
Ps
18:1 (n=9), 18:1(n=9) DOPS DOPE 0.0069 Water, TD, pH 7.2 20 (48]
DOPE -0.0435 13 mM HCl and 87 mM KCl, TD, pH 2 20 48
DOPE  -0.041+0.003 to Water 37 (23]
-0.026 + 0.002¢
DOPE -0.041£0.003to 150 mM BIS TRIS, 10 mM MgCl; and 3 mM CacCl, at 37 23]
-0.014 £ 0.001¢ pH 7.0
DOPE -0.049 + 0.004 to 150 mM BIS TRIS, 50 mM MgCl, and 15 mM CaCl, 37 23]
-0.041 + 0.003¢ atpH 7.0
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DOPE  -0.043+0.003to 150 mM BIS TRIS, 100 mM MgCl,, and 30 mM CaCl, 37 (23]

-0.042 + 0.003¢ atpH 7.0
NBD-DOPS  EPC -0.0420 150 mM BIS TRIS, NaCl, 50 mM HEPES, 2 mM EDTA 37  [60l
PG
16:0, 18:1 POPG 0.0020 + 0.0030" 20 mM NasPO,, 130 mM NaCl, pH 7.4 35 [0
18:1 (n=9), 18:1(n=9) DOPG 0.0030 + 0.0060" 20 mM NasPO4, 130 mM NaCl, pH 7.4 35 O
-0.0124 +0.0037 50 mM TRIS, 150 mM NaCl, 20 mM MgCl,, TS, pH 40 2
7.4
-0.0007 + 0.0021 50 mM TRIS, 150 mM NaCl, TS, pH 7.4 40 122
CL
18:1 (n=9), 18:1(n=9), TOCL DOPE 2.27x10% + 10 mM HEPES, TD 20 BY 21x10°°
18:1 (n=9), 18:1(n=9) 0.0066
DOPE  -0.0040 + 0.0083 10 mM HEPES, 10 mM CaCl,, TD 20 BY 15x10°°
DOPE  -0.0036 + 0.0091 10 mM HEPES, 20 mM CaCl,, TD 20 BY  95x105°¢
DOPE  -0.0090 + 0.0055 10 mM HEPES, 50 mM CaCl,, TD 20 BY 15x10°°
DOPE  -0.0146 + 0.0022 10 mM HEPES, 100 mM CaCl,, TD 20 BY 20x10%c

" refers to studies where co is measured at the neutral plane, ¢ denotes an estimated value, " further temperature data available, ° calculated for the purposes
of this publication, using data in the cited study. Where errors are reported in the original publications these are reported. Abbreviations are defined in Table
1, Section 2.1.
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2.5 Monolayer spontaneous curvature values of lysophospholipids, acylglycerols, fatty acids, fatty
aldehydes and miscellaneous lipids

Table 5 shows the ¢, values for lysophospholipids and acylglycerols. All the lyso phospholipid
species studied exhibit positive co values, which is expected given that these single chain lipids have
a narrower cross-sectional area than their diacyl analogues. The ¢, values of lyso PS lipids do not
appear to have been determined. Fluorescent NBD-labelled lysolipids have been studied and cp
values for these broadly match their non-fluorescent counterparts. Diacylglycerol (DAG) and
monoacylglycerol (MAG) lipids exhibit negative co values, at least at the chain lengths studied. This
makes MO the only lysolipid with a negative co value. Table 6 shows the ¢y values of a range of other
lipid species that have been determined. Figure 5 shows the different ¢, values reported for the
dioleoyl chain configuration with different headgroups, comparing the ¢, of DOG to the range of
DOG-containing lipids.

0.02_' T T I T T T | T I T T T T T T | T |_

0f =
-

-0.04 |f

1
I

< .0.06 [} :

-0.08 £ .

042 | .

014 L1

DOG
DOPE
DOPE-Me
DOPC
DOPS
DOPA
DOPG
TOCL
DGIcDOG
GPDGIcDOG
MGIcDOG

Figure 5 the variation of ¢, with lipid headgroup structure. All data show oleoyl chains with ¢, values
measured in water, TD (except DOPG and TOCL, measured in buffer, see Table 3). DOG data included
for completeness.

It is also worth pointing out the co values of other lipids that have been determined, shown
in Table 6, since these are often of biological significance. Cholesterol is a major component of
eukaryotic cells, which has a negative co value (-0.037 to -0.094 A), depending on measurement
conditions. The ¢, of cholesterol, like zwitterionic lipids, is weakly temperature-dependent (-3.5 £+ 0.9
x 10 A'*°C?) [18]. Other lipids that have had ¢, quantified are the fatty acids and fatty aldehydes i.e.
OA, EA, DD, HD, retinal and retinoic acid which all show tight negative curvatures [23]. Many of
these compounds, notably aToc (vitamin E) [65] are of importance in oxidative stress/ lipid
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peroxidation pathways [38]. Ceramide lipids also show negative ¢, values and as anticipated
increasing the second alkyl chain length decreases ¢y [56]. Studies of the temperature dependence of
co for the ceramides show cp decreases with temperature to an extent comparable with cholesterol.
Finally, the glycolipids DGIcDOG, GPDGIcDOG and MGIcDOG all have negative co values. Of particular
note is the observation that MGIcDOG has a similar ¢, to DOPE, which adds a degree of quantitative
rigour to understanding studies that have shown MGDG lipids can substitute for PE lipids in
Escherichia coli [66]. The significance of this observation is that MGDG lipids are not found in E. coli
so these observations support the intrinsic curvature hypothesis, as modelled in Acholeplasma
laidlawii [35].
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Table 5 Monolayer spontaneous curvature values of lyso phospholipids and acylglycerols

Chains Lipid Matrix co (AY) Buffer/ Components in mixture T/°C Ref
LPE
12:0 L-lysoPE DOPE >0.0025 Water, TD 22 [67]
16:0 P-lysoPE 0.0180 + 0.0123" 20 mM NasPO4, 130 mM NaCl, pH 7.4 35 201
18:0 S-lysoPE DOPE >0.0025 Water, TD 22 [67]
18:1(n=9) O-lysoPE DOPE >0.0025 Water, TD 22 [67]
LPC
12:0 L-lysoPC DOPE 0.0172 Water, TD 22 [67]
16:0 P-lysoPC DOPE 0.0147 Water, TD 22 (67]
18:1(n=9) O-lysoPC DOPE 0.0263 Water, TD 22 o7
LPA
18:1(n=9) O-lysoPA DOPE 0.0500 Water, TD 22 (59
DOPE 0.0500 25 mM TES, 25 mM MES, 150 MM NaCl, TD 22 [59
DOPE 0.0435 25 mM TES, 25 mM MES, 150 mM NacCl, 25 22 (59
mM CaCl,, TD
Modified headgroups
LPS
18:1(n=9) NBD-O-lysoPS EPC -0.001 150 mM NaCl, 50 mM HEPES, 2 mM EDTA 37 [60]
LPE
14:0 NBD-M-lysoPE EPC 0.0270 150 mM NaCl, 50 mM HEPES, 2 mM EDTA 37 [60]
16:0 NBD-P-lysoPE EPC 0.0170 150 mM NaCl, 50 mM HEPES, 2 mM EDTA 37 [60]
18:1(n=9) NBD-O-lysoPE EPC 0.0010 150 mM NaCl, 50 mM HEPES, 2 mM EDTA 37 [60]
DAG
10:0, 10:0 DCG DOPE -0.07519 Water, TD 22 [68]
18:1(n=9), 18:1(n=9) DOG DOPC -0.09901 Water, TD 22 ey
DOG DOPE -0.08696 2mMTES, pH 7.4 22 [69]
MAG
18:1(n=9) MO DOPE -0.054 + 0.0030 ¢ Water 27 [23]
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" refers to studies where co is measured at the neutral plane, ¢ denotes an estimated value. Where errors are reported in the original publications these are
reported. Abbreviations are defined in Table 1, Section 2.1.
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Table 6 Monolayer spontaneous curvature values of fatty acids, fatty aldehydes and miscellaneous lipids

Chains Lipid Matrix co (AY) Buffer/ Components in mixture T/ °C Ref dco/dT
(Atc?)
Sterols
chol DOPE -0.0439 Water 22 58]
DOPC -0.0368 Water 32 (58]
DOPE -0.0940 + 0.0013" Water, TS 35 pey 3 (1;2'9) X
DOPE -0.0470 + 0.0050 Water 27 (23]
Aldehydes and acids
18:1(n=9) OA DOPE -0.0710 % 0.0300 Water 27 [23,70]
18:1t(n=9) EA DOPE -0.0641° 20 mM HEPES, pH 7.4, 40 (23]
DD DOPE -0.0630 + 0.0500 Water 27 [23,71]
HD DOPE -0.0520 # 0.0400 Water 27 [23,71]
cR DOPE -0.1130 % 0.0600 Water 27 (23]
tR DOPE -0.1050 + 0.1600 Water 27 (23]
tRA DOPE -0.0630 % 0.0400 Water 27 (23]
Ceramides
d18:1/2:0 C2:0 Cer DOPE -0.03 £ 0.02 Water, TS 35 ser  -4.2x10°°
d18:1/6:0 C6:0 Cer DOPE -0.09 % 0.02 Water, TS 35 ser  -2.5x107%¢
d18:1/16:0 C16:0 Cer DOPE -0.11+£0.02 Water, TS 35 oy -2.4x10%¢
d18:1/24:0 €24:0 Cer DOPE -0.15+0.03 Water, TS 50 ser -3.6x10%¢
Other lipids
a-Toc DOPE -0.0730 Water 22 (721
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PSM DOPE
18:1(n=9), 18:1(n=9) DGIcDOG
18:1(n=9), 18:1(n=9)  GPDGIcDOG
18:1(n=9), 18:1(n=9) MGIcDOG

-0.0134 + 0.0072"

0.010 * 0.006"
-0.0076°
-0.0130¢
-0.0400¢
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Water, TS

Water, TS
Water
Water
Water

35

35
40
40
40

[18]"

[56]"

[35]

[35]

[35]

1.4 (£5.1) x
10"
-4.2 x10°¢

" refers to studies where co is measured at the neutral plane, ¢ denotes an estimated value, T further temperature data available, ¢ calculated for the purposes
of this publication, using data in the cited study. Where errors are reported in the original publications these are reported. Abbreviations are defined in Table
1, Section 2.1, * see original study, authors suspect phase separation.
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Conclusions

Estimates suggest many tens of thousands of different lipid species exist in nature. To date
only a handful of these have had ¢, values determined. Given the enormity of the task to determine
co for all lipids, it is likely that co for most lipids will always remain undetermined. Realistically, given
this limitation, the best-case scenario is probably one where models of the variance of ¢, with
unsaturation, chain length and other physical properties are refined to enable ¢y values of lipids to
be estimated from other properties. There are a few examples of this such as the curvature power
concept [23], and computational methods offer an alternative [73]. However, to develop such
models further, the experimental determination of ¢, for some ‘missing’ lipids is still needed. These
lipids are now pointed out. For the most part the dominant eukaryotic lipid headgroup classes have
all had ¢p values determined, except for PI. The focus in nearly all studies has been on the dioleoyl
chain configuration and further detail of the effect of unsaturation and chain length on ¢y is needed.
Such studies would be most useful if they focused on the fatty acid chain configurations found in
mammalian cells, particularly those featuring polyunsaturated fatty acids. Similarly, the co values of
the corresponding free fatty acids would also be a useful addition.

It would also be useful to expand the range of lipid headgroup classes that ¢y is reported for.
So, for example, there are no cg values for betaine lipids like DGCC, SQDG in the literature, these
would be an useful addition since it has been suggested under conditions of phosphorous starvation
DGCC replaces PC lipids in diatoms and other species [74]. The lipids of extremophiles are another
interesting area where few ¢y values appear to exist, especially at the molar concentration that
appear to define the limits of life. Some useful additions would be ¢y values for lipids found in
extremophiles [75] such as PGP lipids, more phytanyl/ phytanoyl lipids and macrocyclic archaeol,
although the difficulty of obtaining these lipids as pure compounds can be a limiting factor.

Some studies have looked at the impact of temperature on cg, however further studies in
this area are needed to pin down whether all lipid alkyl chain combinations behave similarly, or as
the data in Figures 3 and 4 suggest, the temperature dependence of ¢ is unsaturation and chain
length dependent. Finally, the effect of pressure on cp does not appear have been studied in any
detail although it is anticipated that high pressure will impact the mechanical properties of lipid
bilayers [76]. Obtaining such data will likely expand our understanding of mechanism that cells
employ to survive in extreme environments and may perhaps contribute to a more quantitative
understanding of the physical limits of life.
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