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a  b  s  t  r  a  c  t

The  chain  packing  in  ordered  phases  of  lipid  bilayers  can  be  classified  according  to wide-angle  X-ray
diffraction  (WAXS).  For  triclinic  (T‖) and  monoclinic  (M‖) packing  in  crystalline  Lc phases,  the wide-angle
reflections  index  on  an  oblique  lattice  with  spacings  s10 /=  s01 /=  s11, and each  chain  has  four  nearest
neighbours.  For  orthorhombic  (O⊥) packing  in  Lc phases,  and  the  rotationally  symmetric  equivalent  in
metastable  low-temperature  L� phases  (mL�), the  wide-angle  reflections  index  on a  centred  rectangu-
lar  lattice  with  spacings  s20 <  s11, and each  chain  has  four  nearest  neighbours.  For distorted  hexagonal
packing  in  the  Lc′ subgel,  and  in L�′ gel  phases  and  the  metastable  low-temperature  equivalent  (mL�′ ),
the  wide-angle  reflections  index  on  a centred  rectangular  lattice with  spacings  s20 > s11,  and  each  chain
has  two  nearest  neighbours.  For  hexagonal  packing  in  the  L�, P�′ and interdigitated  Li

ˇ gel  phases,  the
wide-angle  reflections  index  on  a  centred  rectangular  lattice  with  spacings  s20 =  s11, and  each  chain  has
hort spacing
ublattice
eadgroup spacing

six  nearest  neighbours.  The  available  WAXS  database  for phospholipid  and  glycolipid  bilayers  is classified
here  according  to the  above  scheme,  by  using  well-established  examples  to assign  the  wide-angle  reflec-
tions.  The  nearest  and  next-nearest  neighbour  chain–chain  spacings,  ach and  bch,  and  the  cross-sectional
area  per  chain,  Ach, are  calculated  for each  phase  of  each  lipid.  These  parameters  determine  many  of  the
properties  of the  ordered  lipid  phases  and, together  with  the  chain  tilt,  specify  the area  occupied  by the
lipid head  groups  at the  surface  of  the  bilayer.
© 2011 Elsevier Ireland Ltd. All rights reserved.
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cylpalmitoyl.
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. Introduction

Below the chain-melting transition, fully hydrated lipid bilay-
rs assume gel (L�, L�′ or P�′ ), subgel (Lc′ ), or quasi-crystalline
Lc) phases. In all these phases, the lipid chains are in an ordered,
early all-trans configuration but differ in their packing density,
ynamics and rotational order. The rod-like chains are arranged

n a two-dimensional lattice, which gives rise to wide-angle X-ray
eflections in the 1/0.44 to 1/0.36 nm−1 range that are determined
y the particular lattice and packing density. The symmetry of the
hain subcell depends on the specific lipid phase. Hexagonal lat-
ices, in which a lipid chain has six nearest neighbours, are found
n the L� and P�′ phases and the interdigitated gel phase, Li

ˇ. A dis-
orted hexagonal lattice, with two nearest neighbours, is found in
he L�′ gel phase and Lc′ subgel phase. In the Lc phases, the chain
ublattice is either orthorhombic, triclinic or monoclinic with four
earest neighbours, as in crystalline n-alkanes. The metastable L�
hase (mL�, see below), which is formed reversibly at low temper-
tures, also has an orthorhombic chain subcell.

The subgel phase of phosphatidylcholines (designated Lc′ , with
 prime because the chains are tilted) is the most ordered lamellar
hospholipid phase that is not actually a three-dimensional crystal.
ide-angle reflections from the Lc′ phase are essentially indepen-

ent of water content (i.e., of lamellar repeat distance), indicating
hat the lateral order is not correlated between bilayers (Ruocco
nd Shipley, 1982a). Phosphatidylethanolamines and many glycol-
pids, on the other hand, form stable low-temperature phases, Lc,
hat are true – largely dehydrated – three-dimensional lamellar
rystals (see, e.g., Seddon et al., 1983; Mannock et al., 2007). In
hese cases, the chains pack in one of the two-dimensional modes
haracterised for crystalline hydrocarbons: principally centred
ectangular (orthorhombic) or oblique (triclinic and monoclinic),
r some hybrid of these types (Abrahamsson et al., 1978). The sub-
el or crystalline lamellar phases are formed only after prolonged
ncubation in the low-temperature regime. Immediate cooling
f phospholipid gel-phases reversibly produces a metastable gel
hase, mL�′ or mL�, that is thought to be an intermediate on
he pathway to the subgel phase (Tenchov et al., 2001). This
ransformation occurs at the so-called Y-transition, which is most

arked for phosphatidylethanolamines because the lateral chain
attice changes from hexagonal to centred-rectangular symmetry
Tenchov et al., 1999; Harlos, 1978).

A distinguishing feature of the subgel phase (and Lc phases), is
he appearance of X-ray reflections in the mid-to-wide angle range
hat are characteristic of the ordering of entire lipid molecules,
.e., of the head groups (Katsaras et al., 1995). In contrast, only
eflections characteristic of lipid chain ordering are found in the
ide-angle region of gel phases, because the lipid headgroups are

otationally disordered.
The properties of the ordered lipid phases are determined

argely by the nearest and next-nearest neighbour chain–chain
pacings (and their relative directions). Together with the chain

ilt, these spacings also specify the area occupied by the lipid
eadgroups at the surface of the bilayer, which is a further
etermining factor that controls the bilayer assembly. In the fol-

owing, I attempt to summarise the available data from wide-angle
. . .  .  . .  .  . . . . .  . . . . .  . . .  . . . .  .  . . .  . . .  . . .  .  .  . .  .  . .  . . . . . . .  .  .  . .  .  .  . . . . .  . . . . .  . .  .  .  .  .  . . . . 74

X-ray scattering (WAXS) for phospholipid and glycolipid bilayers, in
terms of the fundamental chain–chain spacings and area per chain.
In most cases, the chain spacings are not reported fully in the orig-
inal literature. Also, frequently the wide-angle reflections are not
assigned. Advances in the latter direction help to do this for pre-
viously unassigned data. Sun et al. (1994) have made a detailed
analysis of the wide-angle data for the L�′ phase of phosphatidyl-
cholines, as have Katsaras et al. (1995) for the Lc′ subgel phase.
Already mentioned is the recognition of different chain packing in
the metastable mL� or mL�′ gel phases, below the “Y-transition”
of phosphatidylethanolamines and phosphatidylcholines (Tenchov
et al., 1999, 2001). In addition, triclinic or monoclinic chain pack-
ing has been identified in Lc phases of certain glycolipids (Mannock
et al., 2007). All of these developments are used here for classifying
and analyzing the complete dataset.

Note that, with the exception of single crystals, the data here all
refer to fully hydrated bilayer membranes in excess water. How-
ever, the degree of hydration can differ considerably between the
different ordered lipid phases. It is greatest for the gel phases of a
particular lipid and least for the quasi-crystalline phases. True Lc

phases consist of a dispersion of anhydrous (or nearly so) crystals
in excess water.

2. Mathematical background

2.1. Two-dimensional sublattices

The lateral ordering of the lipid chains or head groups can be
described in terms of two-dimensional sublattices, with lattice vec-
tors as and bs. The Laue equations for the scattering vectors, q, that
correspond to observable reflections are then:

q · as = h (1)

q · bs = k (2)

where h and k are integer coordinates in reciprocal space, which
correspond to the Miller indices of the scattering planes. Note that
the conventional factor of 2� is omitted from this definition of the
scattering vector.

For the various two-dimensional lattices (see Fig. 1), the lengths
(qhk) of the reciprocal lattice vectors are as follows:

oblique lattice:

qhk = 1
shk

=
√

h2b2
s + k2a2

s − 2hkasbs cos �s

asbs sin �s
(3)

rectangular lattice (�s = 90◦):

qhk = 1
shk

=
√

h2b2
s + k2a2

s

asbs
(4)

(for a centred rectangular lattice, h + k is even)

hexagonal lattice (as = bs, �s = 120◦):
√ √

2 2

qhk = 1

shk
= (2/ 3) h + k + hk

as
(5)

where shk are the spacings between adjacent scattering planes in
real space, and �s is the angle between the unit-cell axes. Note
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Fig. 1. Two-dimensional lattices that characterise the chain packing in lipid gel,
subgel and crystalline lamellar phases. The chain sublattice is either hexagonal or
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entred-rectangular in gel and subgel phases, and oblique or centred-rectangular in
rystalline Lc phases. No chain subcell is primitive-rectangular, but the head-group
molecular) lattice in subgel phases may  approximate to this.

hat the short spacings of the chain and head-group sublattices are
enoted here by shk to distinguish them from the long spacings, dhk,
hat are used to characterise the lamellar period, ripple period and
he lattice periodicities of hexagonal and cubic phases.

.2. Chain sublattice in lamellar phases

For orthorhombic or distorted hexagonal chain packing, the
hain sublattice is centred rectangular (see Fig. 2), which is non-
rimitive. One of the immediate-neighbour chain–chain spacings,
ch, simply lies along the unit-cell bs-axis, and from Eq. (4) is given
y:

ch ≡ bs = s11√
1 − (s11/2s20)2

(6)

The other chain spacing, ach, is given by the semidiagonal of the
entred-rectangular unit cell:

ch =
(

s20

s11

)
bch = s20√

1 − (s11/2s20)2
(7)

There are two chains per centred-rectangular unit cell, and the
rea per chain in the plane perpendicular to the chain axis is given
y:

ch = s20bch = s20s11√
1 − (s11/2s20)2

(8)

The oblique angle of the chain primitive unit subcell is given
orrespondingly by:

os �ch = − s11

2s20
(9)

hich reduces to �ch = 120◦ for a hexagonal lattice. Eqs. (6)–(8) are
sed to obtain chain separations and cross-sectional areas in the L�′ ,
L�′ and Lc′ phases that have distorted-hexagonal chain packing,

nd in the mL� and Lc phases that have orthogonal chain packing
ith four nearest neighbours.

For a hexagonal chain sublattice: s11 = s20, and the chain–chain
pacings and area per chain become:

2s20

ch = bch = √

3
(10)

ch = 2s2
20√
3

(11)
 of Lipids 165 (2012) 59– 76 61

These expressions are appropriate to the L� phases of phos-
phatidylethanolamines and glycosyl dialkylglycerols, and to the P�′
phases of phosphatidylcholines and phosphatidylglycerols, which
are often characterised by approximately hexagonal chain packing.

For Lc phases where the chain packing is triclinic (T‖) or mon-
oclinic (M‖), with a single chain per unit cell, the chain sublattice
is truly oblique (see Fig. 1). In this case, at least three reflections
(s10, s01 and s11) are required to specify the lattice parameters. The
chain–chain spacings are then given directly by the dimensions of
the primitive unit cell, i.e., ach ≡ as, bch ≡ bs and �ch ≡ �s. From Eq.
(3), the lengths of the lattice vectors and their mutual inclination
are:

ach = s10

sin �ch
(12)

bch = s01

sin �ch
(13)

cos �ch = 1
2

(
s10

s01
+ s01

s10
− s10s01

s2
11

)
(14)

The area per chain is equal to the area of the oblique unit cell
and is given by:

Ach = achbch sin �ch = s10s01

sin �ch
(15)

which also can be determined with the help of Eq. (14).
Note that, unlike the monoclinic case, the s10, s01 and s11 reflec-

tions from triclinic systems yield chain–chain spacings that are not
perpendicular to the chain axis. The chain tilt, �t, and its direc-
tion (ω), are then needed to convert the values of ach, bch and
Ach to the true values that correspond to the chain cross-sections.
Triclinic (T‖) chain subcells in lipid crystals are considered in the
section immediately following, where the true chain spacings and
cross-sectional area are derived directly from the crystal lattice
parameters.

Experiments with aligned subgel phases of phosphatidyl-
cholines reveal that the chain packing in these Lc′ phases is slightly
oblique, but this is not resolved in powder diffraction. Further
details are given in Appendix B.

2.3. Chain sublattice in single crystals

For a crystalline lipid, the lattice vectors of the triclinic (or mon-
oclinic) hydrocarbon subcell have lengths as, bs and cs, and mutual
angles ˛s, ˇs and �s, where as and bs specify the lateral chain pack-
ing, and cs defines translations between equivalent positions along
the chain axis (Abrahamsson et al., 1978). The chain–chain spacings
orthogonal to the cs-axis are then specified by:

ach = as sin ˇs (16)

bch = bs sin ˛s (17)

because there is only one chain per triclinic (T‖), or monoclinic (M‖),
hydrocarbon subcell. The inclination between these chain vectors
is given by:

cos �ch = cos �s − cos ˛s cos ˇs

sin ˛s sin ˇs
(18)

The cross-sectional area per chain is correspondingly:

Ach = achbch sin �ch

= a b

√
sin2 ˛ sin2 ˇ − (cos � − cos ˛ cos ˇ )2 (19)
s s s s s s s

for T‖ subcells, which requires knowledge of all three triclinic
angles. Note that for monoclinic packing modes (˛s = ˇs = 90◦), the
chain spacings and cross-section correspond directly with the M‖
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ipids. The chains have 6, 4 and 2 nearest neighbours, respectively, and may  be tilte

ubcell: ach = as and bch = bs, and the inclination between chain vec-
ors is �ch = �s.

For orthorhombic packing modes in crystals, the O⊥ subcell is
on-primitive (Abrahamsson et al., 1978). One of the chain–chain
pacings is given directly by the bs-axis (see Fig. 2):

ch = bs (20)

The other chain–chain spacing is given by the semidiagonal of
he centred-rectangular subcell:

ch =
√

a2
s + b2

s

2
(21)

The oblique angle between the ach and bch vectors is given by:

an �ch = −as

bs
(22)

nd the cross-sectional area per chain is simply:

ch = asbs

2
(23)

ecause there are two chains per orthorhombic O⊥ subcell. Note
hat the definitions of the as and bs subcell axes have been inter-
hanged, relative to the convention used for crystalline lipids in
brahamsson et al. (1978),  in order to correspond with that used
bove for the lipid bilayer systems (see Fig. 2).

. Collected data

.1. Chain–chain spacings in lipid crystals

As a preliminary, I summarise the data on chain spacings from
ipids for which the molecular structures have been determined
rom X-ray diffraction of single crystals. These crystals are all lamel-
ar but are either anhydrous or contain only one or two waters
or other solvate molecules) of crystallisation. Table 1 lists the

hain–chain spacings, interchain angles and chain cross-sectional
reas according to the different chain subcells: triclinic (T‖), mono-
linic (M‖), orthorhombic (O⊥) and hybrid (HS1-4). These values
re obtained from the subcell lattice parameters by using Eqs.
storted hexagonal sublattices appropriate to the gel and subgel phases of lamellar
e direction of the nearest neighbours.

(16)–(23). Mostly, it is found that the two-chain lipids are some-
what less tightly packed than the single-chain lipids, the smallest
area per chain being 0.182 nm2 for both T‖ and O⊥ subcells. The
closest chain–chain spacing is ach = 0.397 nm,  for the triclinic T‖ sub-
cell, but this is balanced by a larger value of bch = 0.535 nm,  whereas
the two chain–chain spacings in orthorhombic subcells are more
comparable to one another: ach = 0.493 nm and bch = 0.445 nm for
the closest spacings. These values for crystalline lipids set limits on
the closest chain spacings that may  be expected in Lc phases of lipid
bilayer membranes.

3.2. Assignment of wide-angle reflections from membranes

It is useful first to summarise the different modes of chain
packing in the gel and quasi-crystalline phases of lipid bilayer
membranes. Not all find a counterpart in the crystal structures of
membrane lipids (cf. Table 1). Hexagonal chain packing with six
nearest neighbours (Fig. 2 left) is found in the L� gel phase with
untilted chains, in the P�′ intermediate gel phase that has tilted

chains and rippled bilayers, and in the Li
ˇ gel phases with fully inter-

digitated chains. Hexagonal packing is not found in lipid crystals,
but does occur in the RII-rotator phase of longer n-alkanes (Denicolo
et al., 1983; Small, 1986). The familiar L�′ gel phase with tilted
chains has orthogonal chain packing with two nearest neighbours
(2nn; Fig. 2, right); this is designated here as distorted hexagonal
packing (cf. Tardieu et al., 1973). The distorted hexagonal packing
mode with two  nearest neighbours is not found in lipid crystals,
but is found (with a greater degree of distortion than in L�′ ) in the
low-temperature metastable mL�′ gel phase and in the stable sub-
gel Lc′ phase, both with tilted chains. Orthorhombic chain packing
with four nearest neighbours (4nn; Fig. 2, middle) is found in the
low-temperature metastable mL� gel phase with untilted chains.
This is the rotationally symmetric equivalent of the O⊥  chain pack-
ing mode of lipid crystals that is found in the RI-rotator phase of
shorter n-alkanes (Doucet et al., 1981; Small, 1986; Sirota et al.,

1993). It is designated here simply as orthogonal chain packing, as
apposed to the distorted hexagonal packing that is orthogonal but
has two  nearest neighbours. Orthorhombic and distorted hexago-
nal packing can be differentiated in wide-angle diffraction because
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Table  1
Chain–chain spacings (ach , bch), oblique angle (�ch) and chain cross-sectional area (Ach) in the triclinic (T‖), orthorhombic (O⊥) and monoclinic (M‖) hydrocarbon subcells of
crystalline lipids.a

Lipidb Subcell ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

n-C18H38 T‖ 0.5347 0.3967 120.7 0.1823 1
(O-18:0/O-1:0)PC T‖ 0.493 0.430 116 0.190 2
(16:0/0:0)PE T‖ 0.498 0.412 114 0.187 3
(14:0)2PA T‖ 0.480 0.424 114 0.186 4
(12:0/0:0)PA T‖ 0.485 0.425 112 0.191 5
(O-16:0)deoxyLPA1 T‖ 0.473 0.403 108 0.182 6
(O-16:0)deoxyLPA2 T‖ 0.475 0.406 108 0.184 6
Cer(t18:0/24:0) T‖ 0.489 0.428 116 0.188 7
(2-OH14:0)FA M‖ 0.474 0.430 110.9 0.190 8
(12:0)deoxyLPC M‖ 0.507 0.413 110 0.197 9
n-C23H48 O⊥ 0.449 0.497 124 0.186 10
polyethylene O⊥ 0.445 0.493 124 0.182 11
(12:0)2PEMe2 O⊥ 0.457 0.499 123 0.191 12
(12:0)2DG O⊥ 0.451 0.488 123 0.185 13
Glc�1Cer(t18:0/0:0) O⊥ 0.460 0.526 125 0.198 14
Cer(t18:0/2,3(OH)218:0) O⊥ 0.447 0.503 124 0.186 15
TASp O⊥ 0.447 0.500 124 0.185 16
(12:0)2PE HS1c 0.461 0.4975 123 0.193 17
(16:0)2PE HS1c 0.462 0.502 123 0.195 18, 19
Gal�1Cer(d18:0/2(OH)18:0) HS2c 0.47 0.46 111 0.200 20
(14:0)2PG HS3c 0.432 0.505 118 0.192 21
[Me4]Gal�1Cer(d18:1/18:0) HS4c 0.475 0.425 114 0.184 22

References: 1. Nyburg and Lüth (1972); 2. Pascher et al. (1986); 3. Pascher et al. (1981b); 4. Harlos et al. (1984); 5. Pascher and Sundell (1985);  6. Pascher et al. (1984); 7.
Dahlen  and Pascher (1972); 8. Dahlen et al. (1976); 9. Hauser et al. (1980); 10. Smith (1953); 11. Bunn (1939); 12. Pascher and Sundell (1986);  13. Pascher et al. (1981a); 14.
Abrahamsson et al. (1977); 15. Pascher and Sundell (1992); 16. O’Connell and Pascher (1969); 17. Elder et al. (1977); 18. Dorset (1976); 19. Abrahamsson et al. (1978); 20.
Pascher  and Sundell (1977); 21. Pascher et al. (1987); 22. Nyholm et al. (1990).

a Data are calculated from the lattice parameters of the chain subcells that are given in the references quoted, by using Eqs. (16)–(23). Note that the definitions of the as

and bs subcell axes are interchanged, relative to those in Abrahamsson et al. (1978), so as to conform with Figs. 1 and 2.
b (O-18:0/O-1:0)PC, 1-(O-18:0)-2-(O-1:0)PtdCho.H2O; (16:0/0:0)PE, 1-(16:0)-2-lysoPtdEtn; (14:0)2PA, 1,2-(14:0)2Ptd; (12:0/0:0)PA, 1-(12:0)-2-lysoPtd; (O-

16:0)deoxyLPA 1 and 2, 1-(O-16:0)-2-deoxyPtd; Cer(t18:0/24:0), N-tetracosanoyl-phytosphingosine; (2-OH14:0)FA, 2-hydroxy-tetradecanoic acid; (12:0)deoxyLPC,
1-(12:0)-2-deoxyPtdCho.H2O; (12:0)2PEMe2, 1,2-(12:0)2Ptd-N,N-Me2Etn; (12:0)2DG, 1,2-(12:0)2Gro; Glc�1Cer(t18:0/0:0), 1-�-d-glucosyl-4-hydroxysphinganine;
Cer(t18:0/2,3(OH)218:0), N-(2d,3d-dihydroxyoctadecanoyl)-phytosphingosine; TASp, triacetyl-sphing-4-enine; (12:0)2PE, 1,2-(12:0)2PtdEtn.HAc; (16:0)2PE, 1,2-
(16:0)2PtdEtn; Gal�1Cer(d18:0/2(OH)18:0), 1-�-d-galactosyl-N-(2-d-hydroxyoctadecanoyl)-sphinganine; (14:0)2PG, 1,2-(14:0)2PtdGro; [O-Me4]Gal�1Cer(d18:1/18:0),
p
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ermethyl-1-�-d-galactosyl-N-octadecanoyl-sphing-4-enine.
c Enlarged hybrid subcells. HS1 is orthorhombic, HS2 is monoclinic, HS3 and HS

uide.

he degenerate (11) plus (1̄1) reflection has twice the integrated
ntensity of the (20) reflection. For distorted hexagonal packing
he spacings between the centred rectangular lattice planes are:
11 = s1̄1 < s20, whereas for orthorhombic chain packing the short
pacings are: s11 = s1̄1 > s20.

Note that the mL�′ gel phase with tilted chains is referred to as
GII in Slater and Huang (1987) and Tenchov et al. (2001), and the
L� gel phase with untilted chains is referred to as LRI in Tenchov

t al. (2001).  Both phases are metastable at all temperatures of their
xistence and undergo conversion to the corresponding gel phase
L�′ or L� respectively) at a temperature at which these are still

etastable (Tenchov et al., 2001). The stable phase in this tem-
erature range is the subgel phase, Lc′ , or a crystalline phase, Lc,
espectively.

The chains in Lc phases can assume any of the packing modes,
riclinic, monoclinic and orthogonal, that are found in the struc-
ures of lipid crystals (see Table 1). This includes the hybrid packing

odes, HS, that contain elements of two of the basic T‖, M‖ or O⊥
hain subcells (Abrahamsson et al., 1978). Because the Lc phases
re 3-D crystals, many more wide-angle X-ray reflections are pos-
ible than in 2-D crystals, which can cause difficulties in identifying
he primary reflections that are attributable to chain packing alone.
or this reason, some of the Lc chain assignments are only tenta-
ive. The Lc′ subgel phase, on the other hand, consists solely of 2-D
rystals because adjacent bilayers are laterally uncorrelated. It is
hen possible to determine not only the chain sublattice but also

he head-group sublattice for the subgel phase of phosphatidyl-
holines; further details are given in Appendix A.

The data on chain packing in lipid crystals given in Table 1
re some guide to assignment of diffraction from membrane
riclinic. Chain–chain spacings are not unique and are intended as an approximate

systems where there is more than one wide-angle reflection and
these are not assigned in the original publication. As already
mentioned in the Introduction, assignments of wide-angle reflec-
tions have been given for L�′ gel phases, Lc′ subgel phases,
the mL�′ and mL� metastable gel phases, and of some tri-
clinic/monoclinic Lc phases. All of these are invaluable help in
suggesting assignments for other systems. The short spacings
derived from wide-angle reflections in these standard systems are
summarised in Table 2.

Oblique chain packing (T‖ or M‖ subcells), which occurs only in
Lc phases, has the broadest spread of observable wide-angle reflec-
tions, corresponding to the lattice spacings: s10 = 0.44–0.46 nm and
s11 = 0.36–0.37 nm,  respectively. These two reflections are accom-
panied by a third which corresponds to an intermediate spacing:
s01 = 0.4 nm.  The Lc′ subgel phase of phosphatidylcholines has the
next largest spread of observed wide-angle reflections, which
corresponds to spacings of s20 = 0.44 nm and s11 = 0.38 nm for a
centred rectangular lattice. In this case, however, a third reflec-
tion is expected at a spacing of s02 = 0.21 nm that is outside the
range in which wide-angle reflections are conventionally regis-
tered. The metastable L�′ phase of phosphatidylcholines (mL�′ )
has reflections comparable to those of the Lc′ phase, but of
somewhat reduced range: s20 = 0.43 nm and s11 = 0.39–0.40 nm.  In
orthorhombic O⊥ subcells of crystalline hydrocarbons and the low-
temperature metastable mL� phases, which have untilted chains,
the two-dimensional lattice is also centred rectangular but the

total spread of the wide-angle reflections is less than for Lc′ and
mL�′ phases, corresponding to spacings of s20 = 0.37–0.39 nm and
s11 = 0.41–0.42 nm.  Again, the third reflection is expected to lie out-
side the normal range (s02 = 0.25 nm).
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Table  2
Wide-angle X-ray reflections, shk , for different standard packing modes of lipid chains. Ach is the chain cross-sectional area.

Mode or phase s10 (or s20)a (nm) s01 (or s02)a (nm) s11 (nm) Ach (nm2) Ref.

T‖(n-C14H30) 0.461 0.403 0.359 0.182 1, 2
M‖(2-OH14:0) 0.443 0.402 0.370 0.190 3
O⊥  (n-C23H48) 0.374 0.249 0.414 0.186 4
mL� 0.38−0.39 (0.25) 0.42 0.191−0.194 5
Lc′ 0.44 (0.21) 0.38 0.185 6
mL�′ 0.43 (0.23) 0.39−0.40 0.188−0.194 5
L�′ 0.424 (0.24) 0.418 0.204 7

Note: When the unit cell is triclinic, the two-dimensional, oblique lattice is not orthogonal to the chain axis, but the value of Ach = 0.182 nm2 quoted here (for n-C18H38 from
Abrahamsson et al., 1978) is the true chain cross-section. References: 1. Norman and Mathisen (1972); 2. Abrahamsson et al. (1978);  3. Dahlen et al. (1976); 4. Smith (1953);
5.  Tenchov et al. (2001); 6. Katsaras et al. (1995); 7. Sun et al. (1994).  Where the s02 reflection is given in parentheses, it is not observed or not reported.

a Reflections from the triclinic T‖ and monoclinic M‖subcells are indexed according to a primitive oblique lattice (s10 and s01). Reflections from the orthorhombic O⊥ subcell
a  s02).
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nd  all other systems are indexed according to a centred rectangular lattice (s20 and

Note that for orthorhombic packing, the s11 spacing is the larger
nd each chain has four nearest neighbours, whereas for the Lc′ ,

�′ and mL�′ phases, the s20 spacing is the larger, correspond-
ng to a distorted hexagonal subcell with two nearest neighbours
see Fig. 2). In the latter case, the tilt is in the direction of near-
st neighbours, which causes broadening of the (11) reflection.
he tilted normal L�′ gel phase of phosphatidylcholines is analo-
ous to the Lc′ and mL�′ phases but has a much smaller spread of
ide-angle reflections: s20 = 0.424 nm and s11 = 0.418 nm. Finally,

he untilted L� gel phase, the interdigitated Li
ˇ gel phase, and

he rippled P�′ phase all have hexagonal chain packing with six
earest neighbours. This is characterised by a single reflection,
hich corresponds to the lattice spacing s20 = s11, in the wide-angle

egion.

.3. Monoclinic or triclinic chain packing (oblique subcell)

The close chain packing that is characteristic of the triclinic or
onoclinic packing modes has been identified in the Lc phases

f rac-(O-n:0)2Gal�DGs (Mannock et al., 2007). The chain subcells
f several other monoglycosyl dialkylglycerols index on the same
attice. Table 3 gives the assignments of the wide-angle chain reflec-
ions (s10, s01 and s11) and the chain packing parameters deduced
rom the oblique 2D subcell. An arithmetical error in the original
alculation for the Lc1 phase of rac-(O-16:0)2Gal�DG is corrected
n Table 3, which then gives a rather low area per chain. For the Lc

hase of (O-14:0)2Glc�DG, the third reflection at 0.356 nm found by
inz et al. (1991) is not seen by Köberl et al. (1998) nor by Seddon
t al. (2003) (Table 5 gives the indexing according to a distorted
exagonal lattice for the latter two cases.). For (O-16:0)2Glc�DG,
he fourth reflection of Hinz et al. (1991) at 0.337 nm is ignored.
nly two reflections are reported for the Lc phase of this lipid by
öberl et al. (1998).

For the methyl �-branched alkyl-acyl phosphatidylcholine
O-16:0/2-Me13:0)PC, cooling from the fluid phase produces

 gel phase with wide-angle reflections that are characteris-
ic of oblique chain packing (Bringezu et al., 2001). Similar
hain packing is found for the gel phases of �-branched
cyl-alkyl phosphatidylethanolamines (2-Me16:0/O-16:0)PE and
2-Me18:0/O-16:0)PE (Bringezu et al., 2000). Wide-angle X-ray
ata for these phospholipids are included in Table 3. The area per
hain for these lipids is greater than for the glycolipids, because of
he methyl branching.

.4. Orthorhombic chain packing (centred rectangular subcell;

nn)

Orthorhombic chain packing with four nearest neighbours
s found at temperatures above the rotator (RI) transition of
crystalline n-alkanes (Sirota et al., 1993), and in the orthorhom-
bic (O⊥) chain subcell of lipid single crystals (see Table 1). In
hydrated lipid bilayers, orthorhombic packing (4nn) has been
identified below the metastable “Y-transition” in the mL� gel
phase of phosphatidylethanolamines and certain other phos-
pholipids (Harlos, 1978; Tenchov et al., 1999, 2001), in Lc

phases of phosphatidylethanolamines (Seddon et al., 1983),
galactosyl dialkylglycerols (Mannock et al., 2007) and at low
temperature in the interdigitated gel phase of dialkyl phosphatidyl-
choline (Laggner et al., 1987). Table 4 gives the assignments
of the wide-angle chain reflections (s20 and s11) and the chain
packing parameters deduced from the centred rectangular sub-
cell.

Assignments of the wide-angle X-ray reflections for the Lc1
and Lc2 crystalline phases of (14:0)2PE from Muluktla and Shipley
(1984) are made on the basis of relative intensities, as indicated
clearly for the Lc-phase of this lipid in Tenchov et al. (2001).  The
wide-angle chain reflections from the Lc phases of N-methylated
phosphatidylethanolamines (14:0)2PEMe and (14:0)2PEMe2 (from
Muluktla and Shipley, 1984) are assigned similarly, on the basis
of intensities and analogy with (14:0)2PE. The data on chain pack-
ing in the Lc phase of (16:0)2PG are modelled indirectly from the
oblique head-group lattice: (a = 0.796 nm,  b = 0.550 nm, � = 100.5◦),
by using dimensions from crystalline polyethylene (see Blaurock
and McIntosh, 1986). Assignments of the chain reflections from
the quasi-crystalline complexes of phosphatidylserine with lithium
ions, (14:0)2PS.Li and (16:0)2PS.Li, are given in Table 4 on the basis
of the intensity of the 11 plus 11̄ reflection and analogy with well-
established cases of orthogonal packing.

Results for the Lc2 phase of rac-(O-14:0)2Gal�DG are revised in
Table 4 from those in Mannock et al. (2007),  which assumed a* = b*
that is valid only in the case of hexagonal packing for which � = 120◦

(see Fig. 1). In addition, the assignments for rac-(O-16:0)2Gal�DG
are revised to correspond with those for rac-(O-14:0)2Gal�DG (see
Table 4).

The methyl-branched alkyl–acyl phosphatidylcholines
(O-16:0/2-Me16:0)PC and (3-Me16:0/O-16:0)PC form low-
temperature phases that are probably metastable, and which
for (3-Me16:0/O-16:0)PC is interdigitated (Förster et al., 1992).
The relative intensities of the wide-angle X-ray reflections are
consistent with orthorhombic chain packing of the 4nn (mL�) type,
as is indicated in Table 4 which revises the assignments given in
the original publication.

For (18:0)2PG, an interdigitated phase with orthogonal chain
packing, Li

ˇ, is observed at low temperatures (Pabst et al., 2007).

This (possibly metastable) phase coexists with the normal L�′ phase
and transforms to an interdigitated phase with hexagonal chain
packing at higher temperatures. It is not found in phosphatidyl-
glycerols of shorter chain lengths.



D. Marsh / Chemistry and Physics of Lipids 165 (2012) 59– 76 65

Table  3
Wide-angle reflections and subcell dimensions for Lc phases with triclinic or monoclinic chain packing modes (oblique subcell).

Lipid Phase T (◦C) s10 (nm) s01 (nm) s11 (nm) ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

(O-14:0)2Glc�DG Lc 20 0.442 0.381 0.356 0.471 0.406 110 0.180 1
(O-18:0)2Glc�DG Lc 20 0.441 0.383 0.367 0.477 0.415 113 0.183 1

50 0.443  0.387 0.369 0.479 0.418 112 0.185 1
(O-12:0)2Gal�DG Lc 20 0.45 0.39 0.35 0.47 0.41 107 0.184 2

55 0.45  0.43 0.39 0.48 0.46 111 0.208 2
(O-14:0)2Gal�DG Lc 20 0.45 0.39 0.35 0.47 0.41 107 0.184 3

0.454  0.387 0.350 0.475 0.405 107 0.184 4
40  0.451 0.392 0.348 0.470 0.408 106 0.184 2
60 0.453  0.393 0.378 0.491 0.426 113 0.193 2

(O-16:0)2Gal�DG Lc 20 0.45 0.39 0.35 0.47 0.41 107 0.184 2
65 0.45  0.433 0.39 0.482 0.464 111 0.209 2

(O-18:0)2Gal�DG Lc 20 0.447 0.382 0.346 0.468 0.400 107 0.179 1
0.45  0.39 0.35 0.47 0.41 107 0.184 2

60  0.447 0.385 0.348 0.469 0.404 107 0.180 1
2,3-(O-14:0)2Gal�DG Lc 20 0.45 0.39 0.35 0.47 0.41 107 0.184 3
rac-(O-14:0)2Gal�DG Lc1 20 0.44 0.38 0.34 0.46 0.40 107 0.175 5

0.45  0.39 0.35 0.47 0.41 107 0.184 3
rac-(O-15:0)2Gal�DG Lc1 10 0.44 0.38 0.36 0.47 0.41 111 0.180 5
rac-(O-16:0)2Gal�DG Lc1 0 0.43 0.38 0.34 0.45 0.40 108 0.171 5
(O-16:0/2-Me13:0)PC L�′ 11 0.437 0.424 0.400 0.482 0.468 115 0.204 6

15.5  0.439 0.426 0.402 0.484 0.470 115 0.206 6
(2-Me16:0/O-16:0)PE L�′ 10 0.445 0.429 0.416 0.498 0.480 117 0.214 7
(2-Me18:0/O-16:0)PE L ′ 47.4 0.444 0.429 0.410 0.493 0.476 116 0.211 7
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eferences: 1. Hinz et al. (1991); 2. Kuttenreich et al. (1988);  3. Mannock et al. (199
t  al. (2000).

.5. Distorted hexagonal chain packing (centred rectangular
ubcell; 2nn)

Distorted hexagonal chain packing (orthorhombic with two
earest neighbours) is the common mode of chain packing in the

table (L�′ ) and metastable (mL�′ ) gel phases, and the Lc′ subgel
hases of diacyl phosphatidylcholines (Tardieu et al., 1973; Ruocco
nd Shipley, 1982a; Sun et al., 1994; Koynova et al., 1995; Tenchov

able 4
ide-angle reflections and subcell dimensions for Lc and mL� phases with orthorhombic

Lipid Phase T (◦C) s20 (nm) s11 (nm) 

(20:0/10:0)PC Lc −30 0.37 0.41 

(22:0/10:0)PC Lc −30 0.37 0.41 

(O-16:0/2-Me13:0)PC Lc 8.5 0.390 0.435 

(12:0)2PE Lc 26 0.378 0.401 

(14:0)2PE Lc1 2 0.369 0.456 

20  0.381 0.405 

Lc2 43 0.379 0.421 

(14:0)2PEMe Lc 2 0.375 0.405 

(14:0)2PEMe2 Lc 2 0.380 0.409 

(14:0)2PG Lc 4 0.385 0.415 

(16:0)2PG Lc 0.370 0.410 

(14:0)2PS.Li LcI 20 0.393 0.418 

(16:0)2PS.Li LcI 39 0.380 0.418 

rac-(O-14:0)2Gal�DG Lc2 58 0.370 0.420 

rac-(O-16:0)2Gal�DG Lc2 0 0.360 0.403 

(24:0)2PC mL� 25 0.373 0.414 

(O-16:0/2-Me16:0)PC mL� −4.9 0.387 0.423 

(16:0)2PE mL� −12 0.388 0.419 

0  0.396 0.418 

(18:0)2PE mL� −12 0.381 0.418 

5  0.388 0.418 

(O-14:0)2PE mL� −4 0.394 0.413 

(O-16:0)2PE mL� −15 0.379 0.42 

(16:0)2PG, pH 1 mL� −15 0.378 0.418 

(O-14:0)2PA mL� −3 0.387 0.414 

(O-16:0)2PA mL� 5 0.387 0.418 

(3-Me16:0/O-16:0)PC mL�,I −7 0.382 0.421 

(O-16:0)2PC Li
o 0 0.380 0.420 

(18:0)2PG Li
ˇ 2 0.383 0.422 

eferences: 1. Lewis et al. (1994); 2. Bringezu et al. (2001); 3. Seddon et al. (1983); 4. Mulu
nd  McIntosh (1986); 8. Hauser and Shipley (1983);  9. Cevc et al. (1985); 10. Mannock e
arlos and Eibl (1981); 15. Tenchov et al. (1999); 16. Jähnig et al. (1979); 17. Laggner et a
eddon et al. (2003); 5. Mannock et al. (2007); 6. Bringezu et al. (2001); 7. Bringezu

et al., 2001; Katsaras et al., 1995) and of several other phospholipids
(Jähnig et al., 1979; Watts et al., 1981; Tenchov et al., 2001; Lewis
et al., 2007; Maulik and Shipley, 1995). Table 5 gives the assign-
ments of the wide-angle chain reflections (s20 and s11) and the chain
packing parameters deduced from the centred rectangular subcell.
The chain reflections from the Lc′ subgel phase of symmetrical
and mixed-chain phosphatidylcholines, including the 1,3-isomers,
from Stümpel et al. (1983) have been reassigned by Raghunathan

 chain packing (centred-rectangular subcell; 4nn).

ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

0.44 0.49 124 0.182 1
0.44 0.49 124 0.182 1
0.470 0.524 124 0.204 2
0.446 0.473 122 0.179 3
0.469 0.580 128 0.214 4
0.450 0.479 122 0.182 5
0.456 0.506 124 0.192 4
0.446 0.481 123 0.180 4
0.451 0.485 123 0.184 4
0.457 0.493 123 0.190 6
0.445 0.493 124 0.182 7
0.464 0.494 122 0.194 8
0.455 0.501 123 0.190 9
0.449 0.510 125 0.189 10
0.434 0.486 124 0.175 10
0.448 0.498 124 0.186 11
0.462 0.505 123 0.195 12
0.461 0.498 123 0.193 5
0.466 0.492 122 0.195 5
0.456 0.500 123 0.190 5
0.461 0.496 123 0.192 13
0.463 0.485 122 0.191 14
0.455 0.505 124 0.191 15
0.454 0.502 124 0.190 5
0.458 0.490 122 0.190 14
0.460 0.497 123 0.192 16
0.458 0.505 123 0.193 12
0.456 0.504 124 0.191 17
0.459 0.506 123 0.194 18

ktla and Shipley (1984);  5. Tenchov et al. (2001); 6. Garidel et al. (2001); 7. Blaurock
t al. (2007); 11. Sun et al. (1996a); 12. Förster et al. (1992); 13. Harlos (1978); 14.
l. (1987); 18. Pabst et al. (2007).



66 D. Marsh / Chemistry and Physics of Lipids 165 (2012) 59– 76

Table  5
Wide-angle reflections and subcell dimensions for Lc′ , mL�′ and L�′ phases with distorted hexagonal chain packing (centred-rectangular chain subcell; 2nn).

Lipid Phase T (◦C) s20 (nm) s11 (nm) ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

(14:0)2PC Lc′ −15 0.434 0.399 0.489 0.449 117 0.195 1
(16:0)2PC Lc′ −2 0.440 0.387 0.490 0.431 116 0.190 2

5  0.440 0.385 0.489 0.428 116 0.188 3
5  0.440 0.388 0.490 0.432 116 0.190 4
7 0.440 0.390 0.491 0.435 116 0.191 5, 6
8  0.443 0.383 0.491 0.425 116 0.188 7

10 0.446 0.392 0.497 0.436 116 0.195 5, 8
10  0.440 0.390 0.491 0.435 116 0.191 9

<13  0.441 0.385 0.490 0.428 116 0.189 10
(18:0)2PC Lc′ −4 0.444 0.390 0.494 0.434 116 0.193 11

4 0.441 0.388 0.491 0.432 116 0.191 4
20 0.442 0.399 0.495 0.447 117 0.198 4

(i17:0)2PC Lc′ <19 0.455 0.378 0.500 0.416 115 0.189 10
(i20:0)2PC Lc′ <44 0.462 0.375 0.506 0.410 114 0.190 10
(10:0/18:0)PC Lc′ −4 0.456 0.382 0.502 0.421 115 0.192 11

0  0.450 0.380 0.496 0.419 115 0.189 12
(12:0/18:0)PC Lc′ −4 0.456 0.380 0.502 0.418 115 0.191 11

13  0.456 0.380 0.502 0.418 115 0.191 11
(14:0/16:0)PC Lc′ −3 0.450 0.372 0.494 0.409 114 0.184 13

5  0.447 0.370 0.491 0.406 114 0.182 4
15 0.447 0.371 0.491 0.408 115 0.182 14

(14:0/18:0)PC Lc′ −4 0.450 0.386 0.498 0.427 115 0.192 11
4 0.434 0.386 0.485 0.431 116 0.187 4

(16:0/14:0)PC Lc′ −9 0.447 0.393 0.498 0.438 116 0.196 13
3  0.440 0.384 0.489 0.427 116 0.188 4

(16:0/18:0)PC Lc′ −4 0.452 0.373 0.496 0.409 114 0.185 11
3  0.446 0.367 0.489 0.403 114 0.180 4

36 0.451 0.379 0.497 0.418 115 0.188 11
(18:0/12:0)PC Lc′ −4 0.453 0.376 0.498 0.413 115 0.187 11
(18:0/14:0)PC Lc′ −4 0.454 0.376 0.499 0.413 114 0.188 11

4  0.449 0.372 0.493 0.409 114 0.184 4
(18:0/16:0)PC Lc′ −4 0.457 0.394 0.506 0.437 116 0.200 11

4 0.447 0.388 0.496 0.431 116 0.193 4
23  0.447 0.388 0.496 0.431 116 0.193 4

1,3-(14:0)2PC Lc′ 2 0.425 0.407 0.484 0.464 119 0.197 4
1,3-(16:0)2PC Lc′ 5 0.43 0.414 0.49 0.47 119 0.20 4, 15

6  0.42 0.37 0.47 0.41 116 0.17 16
1,3-(18:0/14:0)PC Lc′ 5 0.433 0.376 0.481 0.417 116 0.181 4
1,3-(18:0/16:0)PC Lc′ 2 0.426 0.367 0.472 0.407 116 0.173 4
(14:0)4CL Lc′ 2 0.460 0.380 0.505 0.417 114 0.192 17
(10:0)2Glc�DG Lc

a 0 0.41 0.40 0.470 0.458 119 0.188 18
(11:0)2Glc�DG Lc

a 0 0.41 0.40 0.470 0.458 119 0.188 18
(12:0)2Glc�DG Lc

a 20 0.43 0.40 0.486 0.452 118 0.194 18
(13:0)2Glc�DG Lc

a 20 0.42 0.40 0.478 0.455 118 0.191 18
(14:0)2Glc�DG Lc

a 20 0.43 0.41 0.489 0.466 118 0.201 18
(15:0)2Glc�DG Lc

a 20 0.41 0.40 0.470 0.458 119 0.188 18
(16:0)2Glc�DG Lc

a 20 0.41 0.40 0.470 0.458 119 0.188 18
(17:0)2Glc�DG Lc

a 20 0.43 0.40 0.486 0.452 118 0.194 18
(18:0)2Glc�DG Lc

a 20 0.41 0.40 0.470 0.458 119 0.188 18
(19:0)2Glc�DG Lc

a 20 0.43 0.40 0.486 0.452 118 0.194 18
(20:0)2Glc�DG Lc

a 20 0.41 0.40 0.470 0.458 119 0.188 18
(O-12:0)2Glc�DG Lc

a 20 0.444 0.374 0.490 0.412 115 0.183 19
30  0.445 0.384 0.493 0.426 116 0.189 20

(O-14:0)2Glc�DG Lc
a 20 0.442 0.381 0.490 0.422 116 0.187 20

0.444  0.371 0.489 0.408 115 0.181 19
0.460  0.390 0.508 0.431 115 0.198 21

(O-16:0)2Lac�DG Lc
a 20 0.45 0.38 0.496 0.419 115 0.189 19

0.445  0.376 0.491 0.415 115 0.185 22
65  0.45 0.39 0.499 0.433 116 0.195 22

(15:0)2PC mL�′ −15 0.431 0.395 0.485 0.444 117 0.192 1
(16:0)2PC mL�′ −15 0.428 0.392 0.481 0.441 117 0.189 1
(18:0)2PC mL�′ −10 0.433 0.397 0.487 0.447 117 0.193 1
(16:0)2PEMe2 mL�′ 0 0.427 0.405 0.485 0.460 118 0.196 1
(16:0)2PG mL�′ −20 0.431 0.401 0.487 0.453 118 0.195 1
(O-16:0)2PA, pH 12 mL�′ 5 0.434 0.401 0.489 0.452 118 0.196 23
(14:0)2PC L�′ 4 0.417 0.407 0.478 0.466 119 0.194 4

5  0.420 0.414 0.483 0.476 120 0.200 24
5  0.419 0.410 0.480 0.470 119 0.197 25

10  0.425 0.409 0.485 0.467 119 0.198 26
0.422  0.412 0.484 0.472 119 0.199 1

20b 0.425 0.416 0.487 0.477 119 0.203 27
(15:0)2PC L�′ 10 0.421 0.408 0.481 0.466 119 0.196 1
(16:0)2PC L�′ 4c 0.420 0.400 0.478 0.455 118 0.191 28

5  0.420 0.400 0.478 0.455 118 0.191 23
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Table  5 (Continued)

Lipid Phase T (◦C) s20 (nm) s11 (nm) ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

5 0.427 0.403 0.484 0.458 118 0.195 29
7  0.425 0.407 0.484 0.464 119 0.197 30

10 0.425 0.406 0.484 0.462 119 0.196 8
10 0.425 0.407 0.484 0.463 119 0.197 29
14  0.418 0.407 0.479 0.466 119 0.195 31
15  0.423 0.405 0.482 0.461 119 0.195 3
15  0.424 0.410 0.484 0.468 119 0.198 29
19  0.424 0.414 0.486 0.474 119 0.201 32
20 0.418 0.408 0.479 0.467 119 0.195 33
20 0.424 0.411 0.485 0.471 119 0.199 29
20 0.422 0.409 0.482 0.468 119 0.197 24
20  0.424 0.410 0.484 0.468 119 0.199 34
20  0.420 0.405 0.479 0.462 119 0.194 4
20  0.420 0.407 0.480 0.465 119 0.195 1
24 0.424 0.418 0.488 0.481 120 0.204 32
25  0.424 0.415 0.486 0.476 119 0.202 35
25 0.424 0.413 0.486 0.473 119 0.201 29
30  0.424 0.415 0.486 0.476 119 0.202 29
33 0.420 0.413 0.482 0.474 119 0.199 28
33.2  0.424 0.418 0.487 0.480 120 0.204 36

(17:0)2PC L�′ 19 0.423 0.406 0.482 0.463 119 0.196 37
(18:0)2PC L�′ 19 0.429 0.406 0.487 0.461 118 0.197 37

25  0.424 0.411 0.485 0.470 119 0.199 1
25  0.426 0.409 0.485 0.466 119 0.198 35
25  0.426 0.408 0.486 0.465 119 0.198 29
30 0.425 0.412 0.486 0.470 119 0.200 29
35  0.425 0.414 0.487 0.474 119 0.201 29
40 0.425 0.416 0.487 0.477 119 0.203 29
40  0.423 0.413 0.485 0.473 119 0.200 4
41  0.426 0.403 0.484 0.457 118 0.195 11
45 0.426 0.417 0.488 0.478 119 0.204 29
48  0.425 0.415 0.487 0.476 119 0.202 38

(19:0)2PC L�′ 19 0.430 0.400 0.486 0.453 118 0.194 37
(20:0)2PC L�′ 10 0.434 0.395 0.488 0.444 117 0.193 29

15 0.434 0.398 0.488 0.447 117 0.194 29
19  0.434 0.397 0.488 0.447 117 0.194 37
20  0.433 0.400 0.488 0.451 118 0.195 29
25 0.431 0.403 0.487 0.456 118 0.196 29
30  0.429 0.406 0.487 0.461 118 0.198 29
35 0.427 0.408 0.486 0.464 119 0.198 29
40  0.426 0.411 0.486 0.468 119 0.200 29
45  0.426 0.413 0.487 0.472 119 0.201 29
50  0.426 0.415 0.487 0.475 119 0.202 29
55  0.426 0.417 0.488 0.478 119 0.204 29
60 0.427 0.419 0.490 0.481 119 0.205 29

(22:0)2PC L�′ 5 0.435 0.411 0.494 0.466 118 0.203 39
20 0.433 0.396 0.487 0.445 117 0.193 40
23  0.433 0.411 0.492 0.467 118 0.202 39
25  0.435 0.395 0.488 0.444 117 0.193 29
25  0.435 0.399 0.490 0.449 117 0.195 35
30  0.433 0.401 0.489 0.453 118 0.196 29
35  0.431 0.404 0.488 0.457 118 0.197 29
40  0.430 0.407 0.488 0.462 118 0.198 29
45  0.428 0.409 0.487 0.466 119 0.199 29
50  0.427 0.411 0.487 0.469 119 0.201 29
50  0.425 0.411 0.486 0.470 119 0.200 39
55  0.427 0.414 0.488 0.474 119 0.202 29
60  0.427 0.416 0.489 0.477 119 0.203 29
65  0.427 0.419 0.490 0.481 119 0.206 29
70  0.429 0.422 0.492 0.484 119 0.207 29

(24:0)2PC L�′ 25 0.437 0.394 0.490 0.441 117 0.193 35
25  0.437 0.394 0.490 0.441 117 0.193 29
30  0.437 0.397 0.490 0.445 117 0.194 29
35  0.435 0.399 0.490 0.448 117 0.195 29
40  0.433 0.402 0.489 0.453 118 0.196 29
45  0.431 0.405 0.488 0.459 118 0.198 29
50 0.430 0.409 0.488 0.464 118 0.199 29
55  0.429 0.412 0.489 0.470 119 0.202 29
60  0.428 0.415 0.489 0.474 119 0.203 29
65  0.428 0.418 0.490 0.479 119 0.205 29
70  0.428 0.419 0.491 0.481 119 0.206 29
75 0.428 0.421 0.492 0.483 119 0.207 29
80 0.430 0.423 0.493 0.485 119 0.208 29

(i17:0)2PC L�′ 19−28 0.440 0.385 0.489 0.428 116 0.188 10
(i20:0)2PC L�′ 44–52 0.440 0.400 0.494 0.449 117 0.198 10
(14:0/18:0)PC L�′ 8 0.448 0.420 0.507 0.475 118 0.213 11
(16:0/18:0)PC L�′ 22 0.441 0.427 0.504 0.488 119 0.215 11
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Table  5 (Continued)

Lipid Phase T (◦C) s20 (nm) s11 (nm) ach (nm) bch (nm) �ch (◦) Ach (nm2) Ref.

(18:0/2:0)PCd L�′ −8 0.427 0.401 0.484 0.454 118 0.194 41
(18:0/14:0)PC L�′ e 7 0.425 0.406 0.484 0.462 119 0.196 11

13 0.421 0.410 0.482 0.469 119 0.198 42
(18:0/16:0)PC L�′ 16 0.435 0.423 0.498 0.484 119 0.211 11
(20:0/20:1c�13)PC L�′ 20 0.431 0.417 0.492 0.476 119 0.205 43
(O-12:0/O-20:0)PC L�′ −4 0.431 0.406 0.489 0.460 118 0.198 11
(O-16:0/2-Pr16:0)PC L�′ 25 0.430 0.414 0.491 0.472 119 0.203 44
(14:0)2PG L�′ 8 0.420 0.405 0.479 0.462 119 0.194 45
(16:0)2PG L�′ 3 0.428 0.405 0.486 0.460 118 0.197 46

20 0.420 0.413 0.482 0.474 119 0.199 46
L�′ 22 0.420 0.407 0.480 0.465 119 0.195 47
L�′ 25 0.424 0.412 0.485 0.471 119 0.200 1
L�′ 25 0.425 0.418 0.488 0.480 119 0.204 47

0.426 0.415 0.488 0.475 119 0.202 48
0.417 0.410 0.479 0.471 119 0.196 49

L�′ 38 0.425 0.420 0.489 0.483 120 0.205 45
(18:0)2PG L�′ 2 0.433 0.408 0.491 0.463 118 0.200 47

35  0.427 0.416 0.489 0.476 119 0.203 47
(16:0)2PGLys L�′ 15 0.427 0.413 0.488 0.472 119 0.201 50
(O-16:0)2PA, pH 12 L�′ 20 0.428 0.410 0.488 0.467 119 0.200 23
SM(d18:1/24:0) L�′ 22 0.418 0.399 0.476 0.454 119 0.190 51
(18:0/0:0)LPC Li

ˇ′ 10 0.430 0.410 0.489 0.466 118 0.201 52

References: 1. Tenchov et al. (2001); 2. Ruocco and Shipley (1982a); 3. Füldner (1981);  4. Stümpel et al. (1983); 5. Raghunathan and Katsaras (1995); 6. Katsaras et al. (1995);
7.  Ruocco and Shipley (1982b); 8. Tristram-Nagle et al. (1994); 9. McIntosh and Simon (1993);  10. Church et al. (1986); 11. Mattai et al. (1987a); 12. Shah et al. (1990);  13.
Serrallach et al. (1984);  14. Tristram-Nagle et al. (1999);15. Stümpel (1981); 16. Serrallach et al. (1983); 17. Lewis et al. (2007); 18. Sen et al. (1990); 19. Köberl et al. (1998);
20.  Hinz et al. (1991); 21. Seddon et al. (2003); 22. Schneider et al. (2003);  23. Jähnig et al. (1979); 24. Janiak et al. (1976); 25. Füldner (1980); 26. Tristram-Nagle et al. (2002);
27.  Janiak et al. (1979); 28. Tardieu et al. (1973); 29. Sun et al. (1996b); 30. Harlos (1980); 31. Ruocco and Shipley (1982b); 32. Sun et al. (1994); 33. Ruocco and Shipley
(1982a);  34. McIntosh (1980); 35. Sun et al. (1996a); 36. Rappolt et al. (2000); 37. Tristram-Nagle et al. (1993);  38. Pressl et al. (1997); 39. Simon et al. (1995); 40. Simon et al.
(1988);  41. Shah et al. (1994); 42. McIntosh et al. (1984); 43. McIntosh et al. (2001); 44. Rattay et al. (1995); 45. Garidel et al. (2001); 46. Watts et al. (1981); 47. Wilkinson
et  al. (1987);  48. Pabst et al. (2007); 49. Zweytick et al. (2006); 50. Danner et al. (2008); 51. Maulik and Shipley (1995); 52. Mattai and Shipley (1986).

a Tentative assignments.
b Sample with 16 wt%  water (limiting hydration is 20% water).
c Sample with 20 wt%  water (limiting hydration is <25% water).
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d Sample with 80 wt%  water.
e Sample with 30 wt%  water.

nd Katsaras (1996),  according to the assignments established from
ligned samples of (16:0)2PC (Katsaras et al., 1995). Other Lc′ phases
rom the same reference are indexed analogously. Examination of
he wide-angle diffraction profiles for the 1,3-diacyl phosphatidyl-
holines (Stümpel et al., 1983; Stümpel, 1981) indicates a more
omplicated behaviour than for the Lc′ phase of 1,2-diacyl phos-
hatidylcholines. Therefore, the assignments for the 1,3-isomers
ust be considered as being tentative, although a reasonably con-

istent agreement with the molecular sublattice (see Appendix A)
s achieved (Raghunathan and Katsaras, 1996).

Assignment of the chain reflections for the Lc′ subgel phase of
ixed-chain phosphatidylcholines from Mattai et al. (1987a) are
ade according to Ruocco and Shipley (1982a) for (16:0)2PC, which

s also in accord with the assignment of Katsaras et al. (1995).
For (13:0)2Glc�DG, the relative intensities of the wide-angle

eflections for the crystalline state support an assignment to a
istorted hexagonal type of chain sublattice (2nn), as is given in
able 5. From the similarity in chain short spacings, this assign-
ent is assumed for the remainder of the homologous series

ut must be considered as being tentative. It yields relatively
mall areas per chain, consistent with a crystalline phase, but so
lso would the reverse assignment corresponding to the orthog-
nal chain packing mode. The gradient in long spacing with
hain length suggests that the chains are tilted, as in Lc

′ subgel
hases of phosphatidylcholines (Sen et al., 1990). However, the
hort spacings for the whole (n:0)2Glc�DG series, especially the
igher homologues, are atypical when compared with those for
hases with well-established distorted hexagonal chain packing

see Tables 2 and 5).

The short spacings for the crystalline phases of dialkyl gluco-
yl glycerols, (O-n:0)2Glc�DG, are comparable to those of the Lc′
hases of phosphatidylcholines (see Tables 2 and 5). The relative
intensities of the wide-angle reflections for (O-14:0)2Glc�DG could
be consistent with this assignment (Seddon et al., 2003; Köberl
et al., 1998). A complication is that a third reflection at 0.356 nm
is seen for (O-14:0)2Glc�DG by Hinz et al.(1991), but neither by
Köberl et al. (1998) nor by Seddon et al. (2003).  (For an oblique
sublattice assignment including this extra reflection, see Table 3.)
Köberl et al. (1998) have suggested an orthorhombic-triclinic
hybrid subcell for the (O-n:0)2Glc�DG series and also for the crys-
talline lamellar phase of (O-16:0)2Lac�DG. Schneider et al. (2003)
propose triclinic packing for the latter, although only two reflec-
tions are found in the chain region, and the spacings are again
comparable to those of the Lc′ phase. Again, therefore, the assign-
ments in Table 5 must be considered as being only tentative, and
the existence of an Lc′ -like phase in a glycolipid system is not well
established.

Assignment to the mL�′ phase that is shown for (16:0)2PEMe2
in Table 5 is considered to be tentative (Tenchov et al., 2001).
On balance, relative intensities of the wide-angle reflections for
(16:0)2PEMe2 support this assignment.

For the propyl �-branched lipid (O-16:0/2-Pr16:0)PC, the index-
ing in the original publication is revised to correspond with the
relative intensities of the wide-angle reflections.

For phosphatidic acid (O-16:0)2PA in the doubly charged state
at high pH, the assignment of the (11) and (20) reflections in the L�′
phase is reversed from that in the original publication. This reas-
signment is made on the basis of relative integrated intensities and
similarity with wide-angle reflections found for the L�′ phase of
phosphatidylcholines. See also Tenchov et al. (2001).
Lysophosphatidylcholine (18:0/0:0)LPC forms an interdigitated
lamellar gel phase with tilted chains on prolonged incubation at
low temperature (Mattai and Shipley, 1986). The chain reflections
are assigned as in Ruocco and Shipley (1982a).
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Table  6
Wide-angle reflections and subcell dimensions for L� , Li

ˇ, Lmi
ˇ

and Pˇ′ phases with hexagonal chain packing.

Lipid Phase T (◦C) s (nm) ach (nm) Ach (nm2) Ref.

(14:0)2PC P�′ 16 0.418 0.483 0.202 1
18  0.417 0.482 0.201 2

(16:0)2PC P�′ 34 0.418 0.483 0.202 3
34  0.418 0.483 0.202 2
36 0.421 0.486 0.205 4
38  0.419 0.484 0.203 5
39.6  0.425 0.491 0.209 6
34–41  0.420 0.485 0.204 7

(18:0)2PC P�′ 50 0.418 0.483 0.202 2
50  0.418 0.483 0.202 8

(O-16:0)2PC P�′ 32.5–43.4 0.420 0.485 0.204 9
(12:0/18:0)PC P�′ 13 0.428 0.494 0.212 8
(14:0/16:0)PC P�′ 31 0.42 0.485 0.204 10

32  0.418 0.483 0.202 2
33  0.419 0.484 0.203 11

(14:0/18:0)PC P�′ 28 0.421 0.486 0.205 8
30  0.421 0.486 0.205 8

(16:0/14:0)PC P�′ 18 0.42 0.485 0.204 10
18  0.415 0.479 0.199 2

(16:0/18:0)PC P�′ 37 0.422 0.487 0.206 8
42 0.426 0.492 0.210 8

(18:0/14:0)PC P�′ 20 0.419 0.484 0.203 8
24  0.421 0.486 0.205 8
30  0.416 0.480 0.200 2

(18:0/16:0)PC P�′ 30 0.429 0.495 0.213 8
35  0.428 0.494 0.212 8
38  0.429 0.495 0.213 8

(16:0)2PG P�′ 36 0.412 0.476 0.196 12
39  0.415 0.479 0.199 12

(18:0)2PG P�′ 50 0.422 0.487 0.206 13
(16:0)2PGLys P�′ 35 0.422 0.487 0.206 14

50  0.427 0.493 0.211 14
(12:0/20:0)PC L� 20 0.420 0.485 0.204 15
(14:0/18:0)PC L� 31 0.415 0.479 0.199 2
(15:0/17:0)PC L� 20 0.420 0.485 0.204 15
(16:0/18:0)PC L� 46 0.418 0.483 0.202 2
(17:0/15:0)PC L� 20 0.420 0.485 0.204 15
(18:0/2:0)PCa L� 14 0.413 0.477 0.197 16
(18:0/16:0)PC L� 40 0.416 0.480 0.200 2
(20:0/20:1c�5)PC L� 20 0.421 0.486 0.205 17
(20:0/20:1c�8)PC L� 20 0.421 0.486 0.205 17
(O-16:0/2-Me16:0)PC L� 25 0.42 0.485 0.204 18
1,3-(18:0/14:0)PC L� 20 0.413 0.477 0.197 2
1,3-(18:0/16:0)PC L� 35 0.408 0.471 0.192 2
(12:0)2PE L� 20 ± 2 0.421 0.486 0.205 19

26  0.421 0.486 0.205 20
30 0.425 0.491 0.209 20

(14:0)2PE L� 20 0.418 0.483 0.202 21
43  0.421 0.486 0.205 22

(16:0)2PE L� 15 0.413 0.477 0.197 21
20  0.415 0.479 0.199 23
25 0.408 0.471 0.192 12
45  0.415 0.479 0.199 12

(18:0)2PE L� 20 0.412 0.476 0.196 21
20  0.411 0.475 0.195 24
40  0.415 0.479 0.199 24
60  0.424 0.490 0.208 24
65  0.424 0.490 0.208 21

(20:0)2PE L� 75 0.422 0.487 0.206 25
(18:1t�9)2PE L� −10 0.415 0.479 0.199 21

20  0.424 0.490 0.208 21
(O-12:0)2PE L� 29 0.422 0.487 0.206 25
(O-14:0)2PE L� 20 0.413 0.477 0.197 26
(O-16:0)2PE L� 13 0.413 0.477 0.197 27

20  0.414 0.478 0.198 27
21  0.405 0.468 0.189 28
22  0.418 0.483 0.202 29
60  0.422 0.487 0.206 30
60 0.427 0.493 0.211 27

(16:0/18:1c�9)PE L� <24.7 0.430 0.497 0.214 31
(18:0/18:1c�9)PE L� 20 0.427 0.493 0.211 32

25  0.429 0.495 0.213 32
30  0.431 0.498 0.214 32

(14:0)2PEMe L� 37 0.422 0.487 0.206 22
(14:0)2PEMe2 L� 27 0.421 0.486 0.205 22
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Table  6 (Continued)

Lipid Phase T (◦C) s (nm) ach (nm) Ach (nm2) Ref.

(16:0)2PEMe2 L� 20 0.418 0.483 0.202 21
40  0.420 0.485 0.204 21

(16:0)2PG, pH 1.5 L� 20 0.412 0.476 0.196 33
(16:0)2PG, pH 1 L� 20 0.411 0.475 0.195 21

50  0.420 0.485 0.204 21
(O-14:0)2PG, 1 M CaCl2 L� 20 0.413 0.477 0.197 34
(16:0/18:1c�9)PG L� <−5.3 0.426 0.492 0.210 31
(12:0)2PS.NH4 L� 10 0.420 0.485 0.204 35
(12:0)2PS.Mg L� 0.420 0.485 0.204 36
(14:0)2PS.NH4 L� 12 0.420 0.485 0.204 35

20 0.420 0.485 0.204 35
(14:0)2PS.Na L� 20 0.418 0.483 0.202 37
(16:0)2PS.NH4 L� 12 0.420 0.485 0.204 35
(16:0)2PS.Na L� 38 0.419 0.484 0.203 38
(16:0)2PS.Sr L� 0.420 0.485 0.204 36
(16:0)2PS.Ba L� 0.420 0.485 0.204 36
(18:0)2PS.NH4 L� 20 0.420 0.485 0.204 35
(18:0)2PS.Mg L� 0.420 0.485 0.204 36
(O-16:0)2PS.Li L� 26 0.405 0.468 0.189 39

85  0.430 0.497 0.214 39
(16:0)2PSMe L� 22 0.421 0.486 0.205 40
(16:0)2PA L� 40 0.419 0.484 0.203 41
(O-14:0)2PA L� 20 0.411 0.475 0.195 42
(O-16:0)2PA L� 20 0.412 0.476 0.196 43

40  0.417 0.482 0.201 43
60 0.425 0.491 0.209 43

(O-16:0)2PA, pH 12 L� 40 0.427 0.493 0.211 43
L� 50 0.428 0.494 0.212 43

(14:0)2PAMe.Na L� 12 0.412 0.476 0.196 44
22  0.414 0.478 0.198 44
31 0.417 0.482 0.201 44

(14:0)2PAMe.Ca 1:1 L� 3 0.408 0.471 0.192 44
22 0.413 0.477 0.197 44
60  0.428 0.494 0.212 44

(14:0)2PAMe, pH 3 L� 3 0.409 0.472 0.193 44
(14:0)4CL L� 35 0.427 0.493 0.211 45
(14:0)4PA L� 54 0.420 0.485 0.204 46
SM(d18:1/16:0) L� 12 0.416 0.480 0.200 47

L� 29 0.420 0.485 0.204 47
SM(d18:1/18:0) L� 12 0.417 0.482 0.201 48

L� 40 0.426 0.492 0.210 48
SM(d18:1/24:0) L� 20 0.415 0.479 0.199 49

L� 40 0.422 0.487 0.206 50
(13:0)2Glc�DG L� 0.42 0.485 0.204 51
(14:0)2Glc�DG L� 0.42 0.485 0.204 51
(15:0)2Glc�DG L� 0.42 0.485 0.204 51
(16:0)2Glc�DG L� 0.42 0.485 0.204 51
(17:0)2Glc�DG L� 0.42 0.485 0.204 51
(18:0)2Glc�DG L� 0.42 0.485 0.204 51
(19:0)2Glc�DG L� 0.42 0.485 0.204 51
(20:0)2Glc�DG L� 0.42 0.485 0.204 51
(O-10:0)2Glc�DG L� 20 0.420 0.485 0.204 52
(O-12:0)2Glc�DG L� 20 0.423 0.488 0.207 52

30  0.428 0.494 0.212 53
(O-14:0)2Glc�DG L� 20 0.414 0.478 0.198 52

0.415 0.479 0.199 54
0.419 0.484 0.203 53

(O-16:0)2Glc�DG L� 20 0.413 0.477 0.197 52
(O-18:0)2Glc�DG L� 20 0.421 0.486 0.205 52

30  0.407 0.470 0.191 53
60  0.419 0.484 0.203 53
60  0.417 0.482 0.201 53

(O-14:0)2Gal�DG L� 20 0.419 0.484 0.203 55
(O-16:0)2Gal�DG L� 20 0.410 0.473 0.194 52
(O-18:0)2Gal�DG L� 20 0.414 0.478 0.198 53
2,3-(O-14:0)2Gal�DG L� 50 0.418 0.483 0.202 55

0.420 0.485 0.204 56
rac-(O-14:0)2Gal�DG L� 20 0.415 0.479 0.199 57

0.420 0.485 0.204 56
rac-(O-15:0)2Gal�DG L� 20 0.414 0.478 0.198 57
rac-(O-16:0)2Gal�DG L� 15 0.405 0.468 0.189 57
rac-(O-18:0)2Gal�DG L� 55 0.410 0.473 0.194 57
(O-16:0)2Man�DG L� 30 0.408 0.471 0.192 53

50  0.415 0.479 0.199 53
(O-14:0)2Mal�DG L� 20 0.410 0.473 0.194 53

35  0.415 0.479 0.199 53
(O-16:0)2Mal�DG L� 20 0.407 0.470 0.191 53
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Table  6 (Continued)

Lipid Phase T (◦C) s (nm) ach (nm) Ach (nm2) Ref.

50 0.415 0.479 0.199 53
(O-18:0)2Mtr�DG L� 20 0.415 0.479 0.199 53

50 0.415 0.479 0.199 53
(O-16:0)2Lac�2DG L� 20 0.417 0.482 0.201 58

45  0.420 0.485 0.204 58
(O-18:0)2GlcUA�DG, pH 1.6 L� 20 0.406 0.469 0.190 59

40  0.409 0.472 0.193 59
60  0.415 0.479 0.199 59

(O-18:0)2GlcUA�DG, pH 10 L� 20 0.413 0.477 0.197 59
40 0.412 0.476 0.196 59
60  0.416 0.480 0.200 59

(O-16:0)2PC Li
ˇ 20 0.410 0.473 0.194 8

0.409  0.472 0.193 60
22  0.408 0.471 0.192 61

(O-18:0/O-1:0)PC Li
ˇ 0 0.430 0.497 0.214 62

(O-16:0/16:0)PC Li
ˇ 20 0.400 0.462 0.185 63

(O-16:0/2-Bu16:0)PC Lˇ,i 25 0.414 0.478 0.198 64
(3-Me16:0/O-16:0)PC Lˇ,i 10 0.415 0.479 0.199 65
1,3-(16:0)2PC Li

ˇ 32 0.415 0.479 0.199 66
35  0.412 0.476 0.196 2

(2-Pe16:0/O-16:0)PE Lˇ,I 15 0.412 0.475 0.196 67
(2-Ttd16:0/O-16:0)PE L∗

ˇ 33 0.427 0.493 0.211 67
(16:0)2PG Li

ˇ 22 0.410 0.473 0.194 68
(16:0)2PGLys Li

ˇ 15 0.413 0.477 0.197 14
35 0.416 0.480 0.200 14

(8:0/18:0)PC Lmi
ˇ 0 0.410 0.473 0.194 69

(10:0/18:0)PC Lmi
ˇ 0 0.410 0.473 0.194 69

5  0.423 0.488 0.207 8
(18:0/10:0)PC Lmi

ˇ −4 0.411 0.475 0.195 8
5 0.411  0.475 0.195 8

10  0.42 0.485 0.204 70
13  0.411 0.475 0.195 71

(18:0/12:0)PC Lmi
ˇ 8 0.411 0.475 0.195 8

10  0.42 0.485 0.204 70
(20:0/10:0)PC Lmi

ˇ 20 0.410 0.473 0.194 72
(22:0/10:0)PC Lmi

ˇ 20 0.410 0.473 0.194 72
(O-20:0/O-12:0)PC Lmi

ˇ 23 0.420 0.485 0.204 73
(O-12:0/O-20:0)PC Lmi

ˇ 14 0.415 0.479 0.199 73

References: 1. Füldner (1980); 2. Stümpel et al. (1983); 3. Füldner (1981); 4. Harlos (1980); 5. Ruocco and Shipley (1982a); 6. Rappolt et al. (2000); 7. Church et al. (1986);
8.  Mattai et al. (1987a); 9. Laggner et al. (1987);  10. Serrallach et al. (1984); 11. Tristram-Nagle et al. (1999); 12. Lohner et al. (2001); 13. Pabst et al. (2007); 14. Danner
et  al. (2008); 15. Huang and McIntosh (1997);  16. Shah et al. (1994); 17. McIntosh et al. (2001); 18. Förster et al. (1992);  19. McIntosh and Simon (1986); 20. Seddon et al.
(1983);  21. Tenchov et al. (2001); 22. Muluktla and Shipley (1984); 23. McIntosh (1980); 24. Harlos (1978); 25. Seddon et al. (1984); 26. Harlos and Eibl (1981); 27. Tenchov
et  al. (1999); 28. Caffrey (1985); 29. Hing et al. (1991); 30. Harlos and Eibl (1980a); 31. Pozo Navas et al. (2005); 32. Rappolt et al. (2008); 33. Watts et al. (1981); 34. Harlos
and  Eibl (1980b); 35. Hauser et al. (1982); 36. Hauser and Shipley (1984); 37. Petrache et al. (2004); 38. Sevcsik et al. (2008); 39. Cevc et al. (1985); 40. Casal et al. (1990);
41.  Takahashi et al. (1991); 42. Harlos and Eibl (1981); 43. Jähnig et al. (1979); 44. Vogel (1978); 45. Lewis et al. (2007);  46. Gruner and Jain (1985); 47. Maulik and Shipley
(1996);  48. Maulik et al. (1991); 49. McIntosh et al. (1992);  50. Maulik and Shipley (1995); 51. Sen et al. (1990); 52. Köberl et al. (1998); 53. Hinz et al. (1991); 54. Seddon
et  al. (2003); 55. Kuttenreich et al. (1993); 56. Mannock et al. (1994); 57. Mannock et al. (2007); 58. Schneider et al. (2003); 59. Koynova et al. (1993); 60. Guler et al. (2009);
6 al. (19
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cial adsorption of the amphiphilic cation Tris (Wilkinson et al.,
1.  Kim et al. (1987); 62. Maurer et al. (1994); 63. Haas et al. (1990); 64. Rattay et 

t  al. (2000); 68. Wilkinson et al. (1987); 69. Shah et al. (1990); 70. Hui et al. (1984)
a Sample with 80 wt% water.

.6. Hexagonal chain packing

Hexagonal chain packing (six nearest neighbours) is the
ommon mode of chain packing in the L� gel phase of phos-
hatidylethanolamines (McIntosh, 1980; Seddon et al., 1983, 1984)
nd certain other phospholipids (Jähnig et al., 1979; Watts et al.,
981; Hauser et al., 1982), in the P�′ intermediate gel phase of dia-
yl phosphatidylcholines and phosphatidylglycerols (Tardieu et al.,
973; Janiak et al., 1976, 1979; Lohner et al., 2001), and in the Li

�
nterdigitated gel phase of dialkyl phosphatidylcholines (Laggner
t al., 1987; Kim et al., 1987). It is also found above the RI-RII rota-
or phase transition in n-alkanes (Sirota et al., 1993). Table 6 gives
he wide-angle chain reflections (s10 = s11) and the chain packing
arameters deduced from the hexagonal subcell.

It is notable that the gel phases of diacyl and dialkyl glyco-

lycerolipids, (n:0)2GlcDG, (O-n:0)2GalDG, etc., are all of the L�
ype with hexagonally packed chains (Sen et al., 1990; Hinz et al.,
991). None are of the L�′ type with distorted hexagonal packing
95); 65. Dörfler and Pietschmann (1990); 66. Serrallach et al. (1983); 67. Bringezu
cIntosh et al. (1984);  72. Lewis et al. (1994); 73. Mattai et al. (1987b).

and tilted chains. Note, however, that the gel phases are mostly
metastable for these lipids, and a crystalline Lc phase is the stable
state.

A variety of different interdigitated gel phases have hexagonal
chain packing with untilted chains (see Table 6). These include the
mixed interdigitated state, Lmi

ˇ , that is formed by mixed-chain lipids
such as (20:0/10:0)PC, in which one chain is twice the length of the
other and extends across the entire hydrocarbon thickness of the
bilayer. Several of the branched-chain lipids form partially inter-
digitated phases, that are designated L�,i and L�,I in Table 6. The L�

*

phase of the tetradecyl-branched phosphatidylethanolamine (2-
Ttd16:0/O-16:0)PE is thought to have interdigitated head groups
(Bringezu et al., 2000). The conventional Li

ˇ interdigitated gel
phase of phosphatidylglycerol, (16:0)2PG, is induced by interfa-
1987). The interdigitated gel phase that is formed by lysylphos-
phatidylglycerol, (16:0)2PGLys, is possibly metastable and coexists
as a minority phase with the L�′ or P�′ gel phase.
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colipids (solid symbols) with that in single crystals (open symbols). The area per

a2 = a2 + b2 + 2ab cos � (A1)
hain–chain spacings. For orthorhombic packing: ach/bch < 1; for distorted hexago-
al,  and also oblique packing: ach/bch > 1; and for hexagonal packing ach/bch = 1.

. Conclusion

I have attempted to classify the chain packing in ordered phases
f hydrated phospholipid and glycolipid bilayers according to the
nderlying subcells. For the gel and subgel phases, this is possi-
le according to the scheme given by Tenchov et al. (2001) (see
ig. 2). The principal uncertainty occurs in distinguishing distorted
exagonal (2nn) from orthorhombic (4nn) packing, and in some
ases I have reversed assignments to accord better with the relative
ntensities of the wide-angle reflections.

The situation is less straightforward for the Lc phases, because
he three-dimensional crystallinity makes it more difficult to iden-
ify reflections that originate solely from the two-dimensional
hain sublattice. For this reason, as already alluded to, some of these
ssignments are only tentative.

Fig. 3 summarises the results on chain packing for phospho-
ipid bilayers; Fig. 4 does the same for glycolipid bilayers. The
rea per chain, Ach, is classified according to the departure from
exagonal packing as reflected by the asymmetry, ach/bch, between
earest and next-nearest neighbour chain spacings. For hexag-
nal packing ach/bch = 1; for distorted hexagonal (2nn) packing:
ch/bch > 1; and for orthorhombic (4nn) packing: ach/bch < 1. Accord-
ng to the convention used here, ach/bch > 1 for the oblique subcells
hat characterise triclinic or monoclinic chain packing in crystals.
n Figs. 3 and 4, the data for hydrated bilayers (solid symbols) are
ompared with those for lipid single crystals (see Table 1) that are
iven by the open symbols, as a point of reference.

The data are, of course, more numerous for phospholipids than
or glycolipids. Nonetheless, it is notable that orthorhombic (4nn)
acking is rare in glycolipids (only two Lc phases), whereas it occurs
elatively frequently for the metastable mL� phases of phospho-
ipids other than phosphatidylcholine. On the other hand, oblique
hain subcells are relatively rare in phospholipid bilayers, occur-
ing only for lipids with branched chains and not invariably for
ranched-chain lipids. Hexagonal chain packing is frequent for both
hospholipids and glycolipids, L� being the usual gel phase for
ost lipids other than saturated symmetric-chain phosphatidyl-
holines. Distorted hexagonal (2nn) packing occurs frequently
or phospholipids, but is restricted to the L�′ and Lc′ phases of
hosphatidylcholines and L�′ phases of phosphatidylglycerols. As
chain, Ach , is plotted against the ratio, ach/bch , of nearest and next-nearest neighbour
chain–chain spacings. For orthorhombic packing: ach/bch < 1; for distorted hexago-
nal,  and also oblique packing: ach/bch > 1; and for hexagonal packing ach/bch = 1.

discussed above, it is not certain whether this packing mode occurs
in Lc phases of some glycolipids. It has not been found in a crystal
structure.

For glycolipid bilayers, the areas per chain in the gel phases (all
of which have hexagonal chain packing, i.e., L�), are mostly larger
than those for the reference crystal structures, as is expected. In the
Lc phases the values of Ach cluster about those for the crystal struc-
tures, but with a few outliers. For phospholipid bilayers, the gel
phases also have larger areas per molecule than for the reference
crystal structures, but those for the subgel and low-temperature
mL�′ phases cluster about the crystal values. In addition, the pack-
ing asymmetry, ach/bch, decreases according to this increasing trend
in Ach on going from subgel to gel.

Unlike the chains, the head groups in gel-phase bilayers are
dynamically disordered. In subgel phases and crystalline Lc phases,
however, the head groups are also ordered. For the Lc′ subgel phase
of phosphatidylcholines (unlike for the Lc phases), a head-group
sublattice can be identified and the head-group separations can be
determined. Details are given in Appendix A.

Appendix A. Head-group packing: Molecular sublattice in
Lc′ phases

For subgel phases (Lc′ ), the chain lattice in the bilayer plane is
specified by the centred oblique unit-cell parameters a, b and � (see
Fig. A1). It is related to the chain sublattice (as, bs, �s) in the plane
perpendicular to the chain axis (see Appendix B) by the angle (�t)
and direction (ω) of tilt of the chains relative to the bilayer normal.

The whole lipid molecule – not only the chains – is two-
dimensionally ordered in subgel phases. In general, the molecular
lattice of the lipid head groups is also specified by an oblique lattice,
which must be commensurate with that of the chains. For the sub-
gel phase of (16:0)2PC, the unit cell of the head-group lattice is given
by vectors connecting the origin to points (a,−b) and (a/2,3b/2) of
the chain lattice (Raghunathan and Katsaras, 1995). The unit cell
parameters of the molecular lattice are therefore given by:
mol

b2
mol = (a2 + 9b2)

4
−

(
3ab

2

)
cos � (A2)
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Fig. A1. Relation between the molecular (i.e., head-group) and chain lattices in the
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by open circles and head groups by solid circles. Two  chains are connected by a solid
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nit  cell has sides amol and bmol , and is twice the size.

ee Raghunathan and Katsaras (1995) and Katsaras et al. (1995).

os2 �mol = 3b2 − a2 + 2ab cos �

2amolbmol
(A3)

rom Eq. (A3), it is clear that molecular and chain lattices are both
ectangular only if a =

√
3b, i.e., the chain lattice in the plane of
he bilayer must be hexagonal for this to hold. Otherwise one (or
oth) of the two lattices must be oblique. The chain sublattice in the

c′ phase of (16:0)2PC is actually slightly oblique (see Appendix B).

able A1
ide-angle reflections of the molecular sublattice and head-group spacings in Lc′ subgel 

Lipid Phase T (◦C) s10 (nm) s11 (nm) 

(16:0)2PC Lc′ 5 1.000 0.675 

5  1.000 0.678 

7  1.000 0.680 

8  1.000 0.681 

10  1.020 0.681 

10  0.980 0.680 

<13  1.010 –a

(18:0)2PC Lc′ −4 0.680 

4 1.010  0.680 

(i17:0)2PC Lc <19 0.910 0.631 

(i20:0)2PC Lc′ <44 1.090 0.682 

(14:0/16:0)PC Lc′ −3 0.98 0.63b

15  0.98 0.63b

(14:0/18:0)PC Lc′ 4 0.998 0.675 

(16:0/14:0)PC Lc′ −9 0.950 0.673 

3  0.996 0.674 

(18:0/16:0)PC Lc′ 4 0.918 0.670 

23  0.918 0.670 

1,3-(14:0)2PC Lc′ 2 0.973 0.669 

1,3-(16:0)2PC Lc′ 5 0.963 0.670 

6  0.96 0.66 

1,3-(18:0/14:0)PC Lc′ 5 0.982 0.669 

1,3-(18:0/16:0)PC Lc′ 2 0.982 0.664 

eferences: 1. Füldner (1981); 2. Stümpel et al. (1983); 3. Raghunathan and Katsaras (199
1994);  7. McIntosh and Simon (1993); 8. Church et al. (1986); 9. Mattai et al. (1987a); 10.

a bmol = 0.906 nm (Church et al., 1986).
b Tentative assignment.
 of Lipids 165 (2012) 59– 76 73

The condition that the head-group lattice is rectangular (which is
approximately the case for (16:0)2PC – Raghunathan and Katsaras
(1995)) is from Eq. (A3):

a = b
(√

3 + cos2 � + cos �
)

(A4)

which requires a particular combination of unit-cell parameters for
the chain lattice.

As for the chain lattice, the deviations of the molecular lattice
from rectangular are small for saturated phosphatidylcholines. Fre-
quently, the only reflections with appreciable intensity are the two
corresponding to the (1 0) and (1 1) plus (1̄ 1) lattice spacings, where
no splitting of the latter is resolved. From Eqs. (A1) and (A2), the
unit-cell dimensions of the chain and molecular lattices are then
related approximately by (Raghunathan and Katsaras, 1996):

amol ≈
√

a2 + b2 (A5)

bmol ≈
√

a2 + 9b2

2
(A6)

where a and b are the unit cell dimensions of the centred-
rectangular chain lattice (in the membrane plane). For a tilt, �t, in
the direction of nearest neighbour chains: a = 2s20 and b = bch/cos �t,
where s20 is the spacing of the (2 0) chain planes, and bch is the
closest distance between nearest-neighbour chains. The closest
separations, aHG and bHG, between head groups are given by:

aHG = amol

2
(A7)

bHG (≡ b) =
√(

4b2
mol

− a2
mol

)
/8 (A8)

where aHG corresponds to nearest neighbours in phosphatidyl-
cholines. The area per lipid is given by:

Al = amolbmol

2
(≈ ab)  (A9)
and two chains per unit cell in the chain lattice.
Wide-angle reflections that correspond to the molecular sub-

lattice have been detected for the subgel phases of several

phases.

aHG (nm) bHG (nm) Al (nm2) �t (◦) Ref.

0.500 0.542 0.457 35 1
0.500 0.548 0.461 35 2
0.500 0.552 0.464 35 3, 4
0.500 0.554 0.465 36 5
0.510 0.537 0.467 33 6
0.490 0.571 0.463 34 7
0.505 0.532 0.458 34 8

9
0.505 0.543 0.464 35 3
0.455 0.529 0.398 18 8
0.545 0.483 0.476 37 8
0.49 0.47 0.40 24 10
0.49 0.47 0.40 25 11
0.499 0.544 0.457 35 2
0.475 0.585 0.453 30 10
0.498 0.543 0.456 34 2
0.459 0.612 0.450 31 2
0.459 0.612 0.450 31 2
0.487 0.553 0.448 28 2
0.482 0.565 0.449 28 2
0.48 0.55 0.44 38 12
0.491 0.545 0.449 36 2
0.491 0.534 0.443 39 2

5); 4. Katsaras et al. (1995); 5. Ruocco and Shipley (1982b); 6. Tristram-Nagle et al.
 Serrallach et al. (1984); 11. Tristram-Nagle et al. (1999); 12. Serrallach et al. (1983).
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hosphatidylcholines. These are listed, together with their assign-
ents, in Table A1.  The corresponding separations (aHG and bHG)

etween head groups, the area per lipid molecule (Al) in the lamel-
ar plane, and the chain tilt (�t) are also given in the same table.

ppendix B. Oblique chain sublattice in Lc′ subgel phases

Experiments with aligned samples in the Lc′ phase of phos-
hatidylcholines are able to resolve separate 11 and 11̄ chain
eflections, which remain unresolved from one another in pow-
er diffraction (see Katsaras et al., 1995). This indicates a slight
bliquity of the centred rectangular lattice for Lc′ phases. Because
hese deviations are small, this is best treated as a centred oblique
hain sublattice that is chosen to be related directly to the cen-
red rectangular chain lattices. The short spacings, shk, in the plane
erpendicular to the chain axes are then given by Eq. (3) of the
ain text, with unit-cell dimensions as, bs and �s. The immediate-

eighbour chain spacing that corresponds to the bs-axis of the
nit-cell is given by:

ch ≡ bs = 2s20√
2s2

20

(
s−2

11 + s−2
1̄1

)
− s4

20

(
s−2

11 − s−2
1̄1

)2 − 1
(A10)

he other two chain spacings are given by the semidiagonals of the
entred oblique unit cell:

ch,1 = s20

s11
bch (A11)

ch,2 = s20

s1̄1
bch (A12)

he area per chain in the plane perpendicular to the chain axis is
iven by the left-hand equality in Eq. (8) of the main text:

ch = s20bch (A13)

here bch is given by Eq. (A10).
For the Lc′ subgel phase of (16:0)2PC at 65% RH and 17 ± 2 ◦C,

he chain short spacings are: s20 = 0.44 nm,  s11 = 0.39 nm,  and

1̄1 = 0.38 nm (Katsaras et al., 1995; Katsaras, 1995), yielding:
ch,1 = 0.48 nm,  ach,2 = 0.50 nm,  bch = 0.43 nm,  and Ach = 0.19 nm2.
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