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ARTICLE INFO ABSTRACT

We report the first method to calculate a very important molecular level parameter of amphiphilic molecules—
the ‘chain splay’. The calculations employed a truncated cone geometry, as it is the most probable configuration
adopted by various amphiphiles. This approach utilized known parameters including lipid length, cross-sectional
area at the head group and molecular volume. This new parameter, i.e. the area at the chain end, perceived to be
more sensitive than Israelachvili’s famous shape factor or critical packing parameter (CPP). With relevant cal-
culations, we demonstrate the fundamental roles of ‘chain splay’ to: a) reveal the critical contribution of mo-
lecular structure on average molecular shape and consequent self-assemblies, b) track the finest changes in
molecular shapes within different bicontinuous cubic phases, c¢) obtain non-zero areas at the chain ends of
amphiphiles that form normal (type 1) phases, d) back-calculate molecular volumes close to theoretical values,
and e) find the link between molecular shapes and global curvatures of self-assemblies. This powerful feature
advances our abilities towards quantitative estimation of spatial configurations adopted by amphiphilic mole-
cules; moreover, it has a strong impact on predicting biomembrane structuring and nanoscale design of corre-
sponding self-assemblies for a range of emerging applications.
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1. Molecular shapes and self-assembling of amphiphilic molecules

Amphiphilic molecules exhibit hydrophilic and hydrophobic parts,
which allow them to self-assemble into an extensive range of structures
when mixed with water (Seddon and Templer, 1995; Tiddy, 1980).
Lipid molecules, constituting complex biomembrane architectures,
foods and cosmetics, as well as, surfactants, consumed in daily (e.g.
cleaning) applications are best examples of these (Chernik, 1999; de
Kruijff, 1997; Kulkarni, 2016, 2012; Leser et al., 2006; Rhein et al.,
2006; Tiddy, 1980). Average molecular shapes adopted by amphiphilic
molecules within the corresponding self-assemblies are qualitatively
described by Israelachvili’s famous shape factor or critical packing
parameter, CPP (y) (Israelachvili, 1991; Israelachvili et al., 1976),
which is expressed with Eq. (1). Optimum values of V- molecular vo-
lume, a, - cross-sectional area at the hydrocarbon-water interface and I,
- chain length (Fig. 1) form the basis of this equation.

Yy =Vl/aol, (€)]
The value of vy is below 1 for normal (type 1) phases and the molecule
adopts a ‘cone’ shape whereas it is greater than 1 for inverse (type 2)

phases and the molecule adopts an ‘inverted cone’ shape (Fig. 1)
(Israelachvili et al., 1976). Cylindrical molecules exhibit y values of
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about 1 (Fig. 1) forming planar (type 0) phases. Different y values fur-
ther rationalize the effective shapes adopted by amphiphilic self-as-
semblies; for instance, y is < 1/3 for spherical micelles (L;), 1/3 to 1/2
for cylindrical shapes (e.g. hexagonal phase, H;) and 1/2 to 1 for bi-
layer-based type 1 phases (Fig. 1) (Israelachvili, 1991; Israelachvili
et al., 1976). However, this rationalization is not beneficial for differ-
entiating inverse phases (where y > 1), although they display a re-
markable range of polymorphism including cylindrical, spherical and
bilayer-based architectures (Luzzati et al., 1968; Seddon, 1990; Seddon
and Templer, 1995), respective examples of which would be hexagonal
(H,), inverse micellar (L), and bicontinuous cubic phases (Qz) of Im3m,
Pn3m and Ia3d types (Fig. 1). (It is important to note that the discussion
on ‘self-assembling’ and ‘molecular shapes’, throughout this report, is
based on amphiphilic molecules that typically exhibit high aspect-ratios
and consist (at least one) long hydrocarbon chain/s (generally longer
than Cg). The report does not focus other amphiphiles including bile
salts (Madenci and Egelhaaf, 2010), peptides, membrane proteins and
block-copolymers).

The geometric structure of the self-assembly (at global or meso
scale) is strongly governed by the local shape of an amphiphile (at
molecular level) (Fig. 1). This relationship can be conveniently de-
scribed by another expression for molecular shape parameter (y) using
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Fig. 1. Molecular shapes of amphiphilic molecules. a) 2-D representation of
typical micellar shapes formed by amphiphilic molecules. b) Surfactants com-
monly adopt conical shape while majority of lipids display inverse conical
shapes; some lipids and surfactants also adapt cylindrical shapes, particularly
when the cross-sectional area at the head group and tail are equal. The critical
packing parameter (CPP), indicated usually by v, is defined (Eq. (1)) using
optimum area per lipid at the interface (ap), optimum chain length (I.) and the
optimum molecular volume (V). The splay area (ayq,) designates the area at
the chain end. Solid grey lines depict truncated cone and cylindrical geometries.
¢) Normal (type 1) phases including spherical (L;) and cylindrical (e.g. hex-
agonal phase, H;) micelles are formed by conical molecules; planar phases (e.g.
fluid lamellar, L,) are formed by cylindrical molecules whereas inverse conical
molecules tend to form inverse (type 2) bicontinuous cubic phases (Qz) with
typical space groups Im3m, Pn3m and Ia3d, hexagonal (H,) and inverse micellar
(L2) phases. An average interfacial curvature is considered positive (+) when
the curvature is towards chain region while it is negative (-) when it is opposite,
i.e. towards head group or aqueous region. The value of a4, is greater than a,
for inverse phases, equal for planar phases and lesser for normal phases as in-
dicated by solid and dotted arrows, respectively for increasing directions of
Ggpiay and ap. Schematic diagrams of self-assembled phases and molecular
shapes are drawn for illustration purpose only (not on the scale).

interfacial curvatures of the self-assembly as follows (Eq. (2) (Hyde
et al., 1996; Hyde, 2001),

y=1+ [{H)I I, + KK)I 1.2/3 &)

where, |(H)| and I(K)| represent average mean curvature modulus and
average Gaussian curvature modulus, respectively. Planar surfaces, like
lamellar phases (e.g. L,) have zero mean (<H)> = 0) and Gaussian
(KK> = 0) curvatures, normal phases have positive mean (<H> > 0)
curvature and inverse phases have negative mean curvature (<H> < 0)
(Fig. 1); ultimate molecular shapes configured within these self-as-
semblies are cylindrical, conical and inverse conical, respectively, as
depicted pictorially in Fig. 1 (Hyde, 2001). However, the molecular
shape depiction, in the form of v, is constrained to ‘qualitative’ rather
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than ‘quantitative’ estimation. In most cases, the v is insensitive or fairly
less sensitive to structural and environmental changes; in fact, it was
reported to be more dependent on the chosen lipid length than the
volume and the cross-sectional area of the molecule (Israelachvili et al.,
1976). Some researchers have investigated other molecular scale
parameters, including neutral surface area (Chung and Caffrey, 1994;
Kozlov and Winterhalter, 1991; Templer, 1995; Winterhalter and
Helfrich, 1992) and pivotal surface area (Marsh, 2011; Pisani et al.,
2001; Tang et al., 2014) of selected amphiphilic molecules but these
parameters are poor in realizing the molecular dimensions in the chain-
end region (Chung and Caffrey, 1994; Kozlov and Winterhalter, 1991;
Pisani et al., 2001; Templer, 1995; Winterhalter and Helfrich, 1992).

2. Suitablity of ‘Truncated cone geometry’ for amphiphilic
molecules

For normal phases, the polar (hydrophilic) head group occupies the
circular base of a cone while the (hydrophobic) chain/tail-end extends
until the apex (vertex that is not on the base). On the other hand,
molecules in inverse phases assume inverse conical shape where the
chain-end region constitutes the base of a cone that becomes tapered
towards the head group region (Fig. 1). In fact, the actual molecular
geometry adopted by inverse phases appears more like a ‘truncated cone’
or ‘frustum of a cone’ where the lipid chain region occupies larger area
(aspiay) of a truncated cone (Fig. 1) (Israelachvili et al., 1980; Thurmond
et al., 1993). This is attributed, theoretically, to the fact that the cross-
sectional area at the head group (ay) does not reduce to zero (to reach
an apex of the inverse cone). Although a few authors mentioned about
the possible applicability of the truncated cone geometry (Carnie et al.,
1979; Escribd, 2006; Israelachvili et al., 1980; Thurmond et al., 1993),
it was never employed to calculate molecular shape parameters, in
general. The practical knowledge of both, ay and a4, for amphiphilic
self-assemblies, especially for inverse phases is indeed beneficial for
more precise estimation of average molecular shapes assumed by self-
assembled structures.

Here, we report a method to calculate ag,q, (chain splay area) and
Tplay (radius of chain splay area) with an understanding that the am-
phiphilic molecules adopt a truncated cone geometry. By evaluating the
values of ap and a4, we effectively track the role of unsaturation on
the effective molecular shapes of selected monoglycerides, which were
qualitatively assessed previously by some research groups (Fong et al.,
2012; Kulkarni et al., 2010). Finally, we examine the suitability of
truncated cone method for calculating molecular parameters for normal
(type 1) phases, including spherical and cylindrical micelles (Fig. 1).
Development of a systematic model for perceiving the molecular chain
splay, for the first time, is highly promising step towards the quanti-
tative assessment of molecular shapes of amphiphilic molecules. It also
opens up new avenues in our understanding of the individual roles of
small complex molecules in biomembrane structuring as well as de-
signing self-assemblies for biotechnological applications.

The volume (V) of a truncated cone can be expressed using Eq. (3).

V= %”lc (rsplay2 + r:play T + rOZ) (3)

Absolute values of molecular volumes (V) can be obtained from
molecular models (Angelov et al., 1999) or calculated using standard
formula (Supplementary Information-SI, equation S3) when the den-
sities of the components under given conditions are known. The lipid
chain length (l) can be calculated from small angle X-ray scattering
analysis (Clerc and Dubois-Violette, 1994; Rappolt, 2010), molecular
models (Angelov et al., 1999) and/or using the known equations (listed
in SI). Area per lipid at the interface (ay) can be calculated using mo-
lecular models (Angelov et al., 1999) or set of established equations
(Kulkarni et al., 2011) (listed in SI). On the basis of known parameters
V, I. and r, (obtained from a, = ro%), the values of T'play and dgpiqy
(obtained from agq, = rsplayz) can be obtained by solving Eq. (3).
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Table 1
Chain splay of various lipids and surfactants.
A B C D E F G
Amphiphilic Identity of Type of Volume Length Interfacial area Splay area CPP Recalculated Recalculated
molecule self-assembly phase v I ap” Apiay Y Volume (Vgci1) Volume (Vgcz)
(Abbreviation) (space group) A3 A A2 A2 with regq, = 0 with Fpley = 0
Cholesterol H; Type 2 400.0 17.5 19.0 27.0 1.20 400.1 110.8
DOPE H, Type 2 953.0 18.6 46.0 56.7 1.11 953.1 285.2
DPolPC Lamellar Type 0 1184.8 16.6 71.4 71.4 1.00 1184.8 394.9
DOPC? Lamellar Type 0 1295.4 17.4 74.3 74.3 1.00 1295.4 431.8
DMPC Lamellar Type 0 1089.9 16.8 64.9 64.9 1.00 1089.8 363.3
Egg pch Vesicle/lamellar Type 1" 1063.0 19.0 71.7 41.6 0.78 1063.0 454.1
Egg PC>© Vesicle/lamellar Type 17 1063.0 17.5 71.7 50.4 0.85 1063.8 418.3
Egg PC° Vesicle/lamellar Type 17 1063.0 16.0 71.7 61.3 0.93 1063.0 382.4
DPPC Vesicle/lamellar Type 1" 871.0 17.6 60.0 39.7 0.82 871.1 352.0
oG Cylindrical micelle Type 1 245.0 9.3 37.0 17.0 0.71 245.0 114.7
oG Spherical micelle Type 1 245.0 9.3 55.0 6.0 0.48 245.1 170.5
LysoPC Spherical micelle Type 1 531.0 17.5 71.7 3.5 0.42 531.0 418.3

Molecular level parameters including chain splay area (asq,) and CPP (y) were calculated using known quantities” obtained/calculated from corresponding re-
ferences, for Cholesterol(Carnie et al., 1979), DOPE (dioleylphosphatidylethanolamine)(Angelov et al., 1999), DPolPC (dipalmitoleoylphosphatidylcholine)(Costigan
et al., 2000), DOPC/EggPC (dioleylphosphatidylcholine)*(Costigan et al., 2000)P(Israelachvili et al., 1976)(Carnie et al., 1979), DMPC (dimyristoylpho-
sphatidylcholine)(Costigan et al., 2000), DPPC (dipalmitoylphosphatidylcholine)(Angelov et al., 1999), OG(Angelov et al., 1999) and LysoPC (lysopho-
sphatidylcholine)(Carnie et al., 1979). The molecular volumes, Vgc; (column F) and Vgc2 (column G) were recalculated (using Eq. (3)) by assuming the molecules
adopting truncated cone geometry and perfectly conical shapes respectively, i.e. when agq, = 0 and agpiq, = 0. The type 1" phases: vesicles are usually formed by
diverse molecules, i.e. by type 1, 2 and 0 structure forming amphiphiles; however, intuitively the practicality is either or a combination of the following — an average
structure adopted by molecules is either type 1 or the number of lipids in outer leaflet is more than the number of lipids in inner leaflet. Hence, the a4, values for the
vesicles were found to be smaller than ay. Chemical structures of the listed molecules are provided in SI.

Parameters, calculated in this manner, are presented in Table 1 for
some of the representative examples of important lipids and surfactants
(including cholesterol and selected phopholipids) that form normal,
inverse and planar self-assemblies.

The values of ayqy, obtained using Eq. (3), were foreseeably greater
than ay for type 2 phases and almost equal for type O phases (Table 1).
Cholesterol and DOPE (dioleylphosphatidylethanolamine) form inverse
hexagonal phase (H,) by adopting inverse conical molecular shapes, as
evident from ag,q, > ap and y > 1 (Table 1). Other double-chained
phosphilipids, DPolPC (dipalmitoleoylphosphatidylcholine), DOPC
(dioleylphosphatidylcholine) and DMPC (dimyristoylphosphatidylcho-
line) form lamellar (type 0) phases constituting planar bilayers. This is
elucidated by practically equal values of ayy,, and a,, and by adoption
of the cylindrical molecular shape with y = 1 (Table 1). Vesicles are
bilayer-based assemblies, which when grow to extremely large sizes
(e.g. giant unilamellar vesicles with typical size > 1 um) adopt locally
planar bilayer structures (y values appearing towards unity, see
Table 1). Average molecular shape is thus somewhere between planar
and truncated cone shapes with ay,q, < ap on an average scale (Table 1)
for DOPC and DPPC (dipalmitoylphosphatidylcholine) vesicles; while
opposite might be also possible (agiqy = ap). Israelachvili et al. tracked
molecular level changes in the growing vesicle formed by a double
chain lipid, egg PC (Israelachvili et al., 1976) (DOPC) in water. At
constant interfacial molecular area (71.7 Az) and molecular volume
(1063 A3), the swelling vesicle absorbs increasing amount of water
while decreasing an interfacial bilayer curvature. This is compensated
by straightening of molecules via adopting more cylindrical geometries.
The packing parameter, y rises from 0.78 to 0.93, potentially reaching
unity, as symbolized by locally planar phases.

Octylglucoside (OG), a surfactant, is known to form normal phases
(Angelov et al., 1999) with y values below 1. In presence of polar sol-
vents, OG molecules acquire conical shapes because of their large polar
head groups and rather short chains (Cg). Interestingly enough, it was
also possible to apply truncated cone geometry and obtain non-zero
values of agyq, for amphiphiles displaying type 1 phases, including OG
and LysoPC (lysophosphatidylcholine) (Table 1). This speculation per-
fectly aligns with the fact that the hydrocarbon chain end is usually
occupied by a —CHj3 group, and cannot be null. The volume of —CHj3
group (Angelov et al., 1999) approximates to 53.5 A%, meaning the
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cross-sectional area equals to about 17.2 A2. The value of Agpiqy Obtained
from our calculations for cylindrical micelle (formed by OG) was
practically same as this area (17.0 10\2; see Table 1). The agq, for
spherical micelles formed by OG and LysoPC were smaller than this
value (6.0A% and 3.5A2 respectively). More interestingly, by im-
plememting truncated cone geometry to all of the aforementioned am-
phiphiles (and using I, rp and rg,q,), we were able to back-calculate V
fairly accurately (see Vg¢; in column F of Table 1), which was, however,
found to be significantly deviated (Vgc2 in column G of Table 1) from
the absolute values (as in Column A of Table 1) when perfectly conical
shape was implemented (i.e. by substituting agiq, = 0 in Eq. (3)). If,
hypothetically, all self-assemblies were presumed to adopt perfectly
conical shapes, where agyq, = O (either normal, planar or inverse case)
the recalculated volumes (Vg¢2) acquire erroneously low values (as low
as ~28% of the real volumes (V)) (Table 1). This further validates the
appropriateness of truncated cone geometry for estimating shapes of
various amphiphilic molecules over conventional conical or inverse
conical shapes irrespective of their self-assembly type.

3. Retrospective contribution of molecular chain splay in
bicontinuous cubic phases (Monoelaidin-water system)

Monoelaidin (ME), a synthetic monoglyceride, contains trans double
bond in the C;g alkyl chain attached to a glycerol backbone. The mo-
lecule adopts truncated cone shape and forms inverse self-assemblies
(Kulkarni, 2011; Kulkarni et al., 2010). In presence of water, ME dis-
plays all three commonly found inverse bicontinuous cubic phases
(Kulkarni, 2011; Kulkarni et al., 2010), Im3m, Pn3m and Ia3d, based
correspondingly on primitive (P), diamond (D) and Gyroid (G) type
minimal surfaces (Andersson et al., 1988; Seddon and Templer, 1993;
Seddon and Templer, 1995). Minimal surfaces are commonly dis-
tinguished by zero mean (H) curvature and negative Gaussian (K)
curvature at every single point on it (Larsson, 1986). Bicontinuous
cubic phases are formed by draping a continuous lipid bilayer around
minimal surfaces, separating two different but continuous aqueous
channels (Larsson, 1986). It is generally understood that the actual
geometry attained by bilayers in cubic phases is an optimum blend of
two models, namely, parallel interface model (PIM) which eliminates
discrepancies in the lipid chain length and constant mean curvature
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Comparison of chain splay in bicontinuous cubic phases of the same lipid. Monoelaidin (ME) forms three bicontinous cubic phases where Im3m is the least
curved, Pn3m is the intermediate and Ia3d is the most curved phase (see magnitudes of <H> and <K>). Apparent chain splay a4, increases towards the most curved

phase (Ia3d) while a, increases towards least curved phase (Im3m).

Amphiphilic Identity of Volume Length Interfacial area Splay area CPP Average Mean Average Gaussian
molecule self-assembly v I ap Asplay v Curvature (<H>) Curvature (KK»)
(Abbreviation) (space group) A3 A A2 A2 AT A?

ME Im3m 533.0 15.4 31.16 38.33 1.11 —0.01104 —0.00061

ME Pn3m 533.0 15.6 29.54 39.02 1.16 —0.01506 —0.00078

ME Ia3d 533.0 16.2 26.24 40.15 1.26 —0.02369 —0.00106

The small angle X-ray scattering (SAXS) data used for this analysis was adopted from reference (Kulkarni, 2011), generated under the following conditions: Im3m
phase 45.5% water at 48 °C, Pn3m phase 36.3% water at 60 °C and Ia3d phase 24.7% water at 60 °C (closely comparable data were picked ensuring the existence of
pure phases under limited water conditions i.e. avoiding coexistence of phases and excess water boundaries).
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Fig. 2. Chain splay of single chain C;g lipids differing in unsaturation
characteristics. a) ME contains trans isomerism at the double bond (at 9™
position) while MO exhibits cis isomerism; MV consists cis double bond at 11t%
position whereas ML has two double bonds at Cy and C;; (Kulkarni et al., 2010).
Not only agq, increases from L to R but ay also increases. However, the lipid
lengths are decreased significantly (for absolute numbers see Table 3). b) In
order to get a feel for alterations in molecular shapes, affected by unsaturation
characteristics, the effective molecular shapes of lipids in a) are drawn on scale
(with relative arbitrary units for calculated molecular parameters in Table 3).

(CMC) model which eliminates the discrepancies in the mean curvature
(Chen and Jin, 2017). In the current work, we prefer to use average
values of molecular shapes, and consequently derived global curvatures
for relevant self-assemblies.

In case of ME, the magnitude of average mean curvature ((H)|) was
found to increase from Im3m (0.01104 A~ 1) to Pn3m (0.01506 A=) to
Ia3d (0.02369A~1!) phase, as commonly seen for a range of lipids
(Andersson et al., 1988; Seddon and Templer, 1993; Seddon and
Templer, 1995). Similarly, the Gaussian (I(K)|) curvature modulus in-
creases from Im3m to Pn3m to Ia3d phase (Table 2). Apparent negative
values of both curvatures indicate that the curvature is towards head
group regions (Fig. 1). Naturally, the Ia3d phase is expected to be
formed of molecules whose CPP (y) has larger value compared to Pn3m
having larger values with respect to Im3m phase. It means chain regions
of molecules in Ia3d phase have larger average areas (agiq,) compared
to the cross-sectional areas at interfaces (ap) to accommodate higher
global curvatures compared to other two phases. In other words, the
chain splay (asplay) increases from Im3m (asplay = 38.33 A?) to Pn3m
(aspiay = 39.02 Az) to Ia3d (agq, = 40.15 A2) phase (Table 2).

Among three cubic phases, Im3m has more (six) and larger water
channels, and therefore it is anticipated to hold more water than Pn3m
phase. Similar is also true when Pn3m (four channels) and Ia3d (three
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channels) phases are compared. Accordingly, the Im3m phase accom-
modates more water than Pn3m phase which can hold more water than
Ia3d phase; thus apparent area (ap) in the hydrophilic head group re-
gion is higher for Im3m (ap = 31.16 A?) than Pn3m (ap = 29.54 A?)
than Ia3d (ap = 26.24 10\2) phase (Table 2). This additional support,
provided by greater a, values while simultaneously securing lower agqy
values strongly benefit the molecules to compensate for lower curva-
tures of Im3m phase compared to Pn3m compared to Ia3d phase (Fig. 1).

The ratio (dimensionless) between splay area and interfacial area,
i.e. agpiqy/ay is greater (1.23 for Im3m, 1.32 for Pn3m and 1.53 for Ia3d
phase) than the conventional factor CPP (y), which is commonly used
for describing molecular shapes of amphiphiles (Table 2). Moreover,
the difference between these areas vary even more significantly, as
much as almost double (agpiqy-ap = 13.91 A?) for Ia3d phase when
compared to that of Im3m phase (agiq,-ap = 7.18 A?) (Table 2). These
results highlight an important fact that the chain splay is more sensitive
than Israelachvili’s CPP (Israelachvili, 1991; Israelachvili et al., 1976)
in portraying molecular shapes that govern average curvatures of in-
verse cubic phases and, finally, in understanding the process of self-
assembling of amphiphilic molecules.

4. Effect of unsaturation characteristics on chain splay of lipid
molecules

As mentioned earlier, ME forms three inverse bicontinuous cubic
phases in presence of pure water (Kulkarni et al., 2010). Monoolein
(MO) shares the same chemical formula as ME, but differs in the spacial
orientation of the double bond (see chemical structures in SI). The cis
arrangement in MO develops a kink in the molecule, which conse-
quently increases the effective chain splay (ag, = 46.64 A?). Due to
trans conformation, ME exhibits rather stralgher (Aspiay/ao = 1. 33 for
ME and 1.35 for MO) and longer (I. = 18. 5A for ME; [, = 15. 5A for
MO) molecular shape than MO (Fig. 2). Therefore, the least curved
Im3m cubic phase, observed for ME-water system (Kulkarni, 2011) is
not seen in MO-water phase diagram (Briggs et al., 1996). Moreover,
the extended region occupied by planar lamellar phase/s and absence of
more curved (than bicontinuous cubic phases) hexagonal phase in ME
elucidate its straighter shape compared to MO (Briggs et al., 1996;
Kulkarni, 2011). The cis double bond position in monovaccenein (MV)
is altered from 9% (in MO) to 11 position, whose chain splay mediates
(aspiay = 43.45 A?) the chain splay of ME and MO. The double bond,
positioned at 9 place in MO, leaves longer chain (8-C chain) behind,
which is likely to have higher degree of bending than the shorter one
(6-C chain) in MV (Naudi et al., 2013). This could well be attributed to
the elevated chain splay in MO with respect to MV. In case of mono-
linolein (ML), two cis unsaturations at 9" and 11" positions are re-
sponsible for two kinks causing substantial increase in the effective
chain splay (agpiqy = 60.57 A?); almost double Agpiqy than that of ME
(Fig. 2 and Table 3).

The presence or absence of unsaturation/s in lipid molecules have
strong impact on effective molecular packing, and also have
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Quantifying the chain splay of homologous series of unsaturated lipids.
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Amphiphilic Identity of Volume Length Interfacial area Splay area CPP Average Mean Average Gaussian
molecule self-assembly v L ap” Asplay Y Curvature (<Hp) Curvature (<Kp)
(Abbreviation) (space group) A3 A A? A2 A? At

ME Pn3m 533.4 18.5 24.80 32.96 1.16 —0.01318 —0.00057

MV Pn3m 628.5 16.3 33.76 43.45 1.14 —0.01294 —0.00065

MO Pn3m 628.5 15.5 34.65 46.64 117 —0.01647 —0.00085

ML Pn3m 741.3 14.2 44.40 60.57 1.18 —0.01884 —0.00105

All values were calculated at 45 °C using the data from reference(Kulkarni et al., 2010). Chemical structures of the listed molecules are provided in SI.

considerable influence on the fluidity of biomembranes (Naudi et al.,
2013; van Meer et al., 2008). Aforementioned chain splay variance
caused due to unsaturation characteristics clearly supports this con-
ception. The qualitative role of chain splay in stabilizing certain phases
over others, and changes in aqueous channel dimensions were pre-
viously discussed by us (Kulkarni et al., 2010), and later by Fong et al.
(Fong et al., 2012). In this report, we have quantified chain splay, in
terms of absolute numbers, to better represent its role in the self-as-
sembling of these unsaturated monoglycerides.

It is essential to iterate that, the absolute values of CPP (y) do not
show any trend as one moves from ME to ML (Table 3), revealing its
inability to express unsaturation effects on molecular shapes. The area
ratios (agiqy/a) also do not display any particular preference. However,
there was a clear growth in agqy, as well as in ay (from M]:Z to ML).
Opposite trend, i.e. the decay in lattice parameters (a = 107 A for ME,
100 A for MV, 88 A for MO and 79 A for ML; all at 45 °C) and reduction
in lipid length (l.) (Table 3) was noticed from ME to ML. The overall
molecular shapes of ME, MV, MO and ML influence the self-assembling
at the global scale, as shown by elevation in average Gaussian curva-
tures (KK>) (Table 3). These analyses demonstrate the significance of
molecular level features (I, ap and agy,qy) in depicting a clear picture of
molecular shapes adopted by amphiphilic molecules.

5. Conclusions and perspectives

We developed a new method for systematic calculation of the chain
splay (area at the chain end, agq,) by employing a truncated cone
geometry to describe molecular shapes of a range of amphiphilic mo-
lecules. Investigated molecules were selected carefully to cover a
variety of self-assemblies including normal, planar and inverse phases.
Several parameters, including V, L, ag, Gspiay, v, <H> and <K> were
calculated using a set of established equations (some of which are listed
in SI).

It can be decisively stated that the most probable shape assumed by
a majority of amphiphilic molecules, including the ones that form
normal phases, is a truncated cone geometry. Resultant non-zero values
of agpqy for normal phases and accurate volumes (V) recalculated by
incorporating agyq, in Eq. (3) explicitly prove this statement (Table 1).
As mentioned earlier, y only qualitatively interprets the molecular
shapes, but by estimating the molecular chain splay, we have advanced
at least one-step forward in quantifying the molecular shapes of am-
phiphilic molecules. At times, when vy values do not render particular
trends, for instance, for molecules with variable unsaturation properties
(as reported in Fig. 2, Table 3), ayy,, demonstrates to be powerful and
highly conclusive factor (a clear increase in ag,q, was observed from ME
to ML). It also corroborates well with the global curvature values (e.g.
<K> in Table 2 and Table 3) of cubic phases.

The values of ag,q, and ao, together, are capable of distinguishing
finest changes in the shape of the same molecule, for example, of ME
(Table 2). The molecular shape described by y shows small variation
(~13% change in Ia3d with respect to Im3m phase), but the difference
between ayy,, and ao outlines as high as 94% change between these
phases. With this, it is possible to get a better sketch of molecular
shapes embraced by different bicontinuous cubic phases formed by the
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same molecule. The percentage change in ayqy-a, varies monotonically
(when compared with ag,q,-ap of ME) from MV (19%) to MO (47%) to
ML (98%) in the direction of increasing chain splay. These numbers
demonstrate the sensitiveness of chain splay over the conventional
shape parameter (y) and contribute towards deeper understanding of
the effect of unsaturation. Our investigations quantitatively confirm
previous observations by other researchers (Fong et al., 2012; Kulkarni
et al., 2010), that not only the number but also the location of un-
saturation in the hydrocarbon chain and the local conformation at the
double bond are imperative in configuring lipid molecular shapes, their
packing and stabilization of the consequent self-assemblies. This in-
formation is highly promising and relevant for understanding structural
properties (e.g. packing, rigidity) and hence functioning of complex
biomembranes, which are essentially composed of very distinct mole-
cules. With the quantitative estimation of an important parameter,
chain splay (agqy), the issue of packing frustration might be resolved in
a better manner as it is dealt, specifically, with the chain region of
curved lipid phases.
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