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Abstract

Dihedral torsion angles evaluated for the phospholipid molecules resolved in the X-ray structures of transmembrane proteins in
crystals are compared with those of phospholipids in bilayer crystals, and with the phospholipid conformations in fluid membranes.
Conformations of the lipid glycerol backbone in protein crystals are not restricted to the gauche C1-C2 rotamers found invariably
in phospholipid bilayer crystals. Lipid headgroup conformations in protein crystals also do not conform solely to the bent-down
conformation, with gauche—gauche configuration of the phospho-diester, that is characteristic of phospholipid bilayer membranes.
This suggests that the lipids that are resolved in crystals of membrane proteins are not representative of the entire lipid—protein
interface. Much of the chain configurational disorder of the membrane-bound lipids in crystals arises from energetically disallowed
skew conformations. This indicates a configurational heterogeneity in the lipids at a single binding site: eclipsed conformations
occur also in some glycerol backbone torsion angles and C—C torsion angles in the lipid headgroups. Stereochemical violations in
the protein-bound lipids are evidenced by one-third of the ester carboxyl groups in non-planar configurations, and certain of the
carboxyls in the cis configuration. Some of the lipid structures in protein crystals have the incorrect enantiomeric configuration of the
glycerol backbone, and many of the branched methyl groups in structures of the phytanyl chains associated with bacteriorhodopsin
crystals are in the incorrect S-configuration.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

A considerable and steadily growing number of
endogenous lipids have now been resolved in the high-
resolution X-ray structures of integral membrane pro-
teins (for reviews see Fyfe et al., 2001; Pebay-Peyroula
and Rosenbusch, 2001; Lee, 2003). Amongst these are
phosphatidylcholine in association with cytochrome ¢
oxidase from Paracoccus denitrificans (Iwata et al.,
1995; Harrenga and Michel, 1999), cardiolipin and
phosphatidylethanolamine associated with various bac-
terial photosynthetic reaction centres (McAuley et al.,
1999; Fyfe et al., 2000; Nogi et al., 2000), and a vari-
ety of diphytanyl lipid moieties in association with
bacteriorhodopsin (Essen et al., 1998; Luecke et al.,
1999; Belrhali et al., 1999; Takeda et al., 2000).
Phosphatidylethanolamine, phosphatidylcholine, phos-
phatidylglycerol and cardiolipin moieties have also been
reported in association with bovine cytochrome ¢ oxi-
dase (Tsukihara et al., 1996; Mizushima et al., 1999).
More recently, phosphatidylglycerol and galactosyl dia-
cylglycerol have been resolved in association with pho-
tosystem I of a cyanobacterium (Jordan et al., 2001),
and with a plant light-harvesting complex (Liu et al.,
2004). The transmembrane domains of all the aforemen-
tioned proteins are a-helical. In addition, a molecule of
lipopolysaccharide has been resolved in association with
the (3-barrel outer-membrane protein FhuA (Ferguson et
al., 2000).

From the point of view of lipid—protein interactions,
it is of direct interest to compare the above data with
the structural information available from lipid bilayers.
The X-ray structures of phospholipids in bilayer crys-
tals provide a wealth of detail on the conformations and
stereochemistry of phospholipids when close-packed in
membranes (Hauser et al., 1981; Pascher et al., 1992;
Pascher, 1996). A detailed comparison with this lipid
data will therefore delineate the perturbation of the
molecular configuration by the protein-lipid interaction.

Here, we review analyses of the torsion angles of lipid
molecules in crystals of transmembrane proteins and of

the corresponding lipids in bilayer single crystals. Com-
parison of the two reveals stereochemical violations and
possible conformational hetereogeneity in the structures
of the lipids associated with crystalline transmembrane
proteins.

2. Definition of lipid torsion angles

Fig. la gives the notation for the torsion angles
in a diacyl lipid, and explicit definitions are given
in Table 1 (Sundaralingam, 1972). This notation is
commonly used for describing the crystal conformations
of glycerolipids and sphingolipids (Hauser et al., 1981;
Pascher et al., 1992), except that the numbering of
the glycerol backbone C-atoms is reversed to conform
with the sn-convention (IUPAC-IUB Commission on
Biochemical Nomenclature (CBN), 1977) for eucaryotic
and bacterial glycerolipids. Fig. 1b gives the classifi-
cation of the staggered and eclipsed rotamers used for
conformational description of lipids, according to the
range of torsion angle (Klyne and Prelog, 1960). Equiv-

Table 1

Definition of torsion angles with atom numbering of Fig. 1
01 C(1)-C(2)-C(3)-0(31)

62 O(21)-C(2)-C(3)-0(31)
03 O(11)-C(1)-C(2)-C(3)

04 O(11)-C(1)-C(2)-0(21)
o C(2)-C(3)-0(31)-P

o C(3)-0(31)-P-0(32)

o3 O(31)-P-0(32)-C(31)

o4 P-0(32)-C(31)-C(32)

as 0(32)-C(31)-C(32)-N

B1 C(3)-C(2)-0(21)-C(21)
B2 C(2)-021)-C(21)-C(22)
B3 O(21)-C(21)-C(22)-C(23)
Ba C(21)-C(22)-C(23)-C(24)
V1 C-C-01n-CAa1)
y2 C(1)-O(11)-C(11)-C(12)
V3 O(11)-C(11)-C(12)-C(13)
V4 C(11)-C(12)-C(13)-C(14)
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sn-1 chain

(a) sn-2 chain
0°+30
syn-periplanar
- syn-clinal + syn-clinal
-60° + 30 +60° + 30
-SC +SC
- anti-clinal + anti-clinal
-120° + 30 +120° + 30
anti-periplanar
(b) 180° £ 30

Fig. 1. (a) Notation for torsion angles in a diacyl glycerolipid (Sundaralingam, 1972). The chain designation is that for the sn-3 phosphatidyl
enantiomer. (b) Designation of torsion-angle ranges for staggered and eclipsed rotamers (Klyne and Prelog, 1960).

alent conformational designations frequently used are:
trans, t (ap); gauche, g (sc); skew, s (ac); and cis, c (sp).

3. Lipid bilayers

3.1. Glycerol backbone configuration in bilayer
crystals

The backbone conformation in crystals of glyc-
erolipids has been studied by Pascher et al. (1992): it
is characterised relative to the lipid chains by the 64 and
0, torsion angles. The torsion angle about the glycerol
C(1)-C(2) bond, viz., 84, specifies the relative orienta-
tion of the sn-1/sn-3 and sn-2 chains, and that about the
C(2)-C(3) bond, viz., 0,, defines the orientation of the
headgroup relative to the sn-2 chain. In addition, the cor-
responding chain stacking is characterised by which of
the two chains is the leading or straight-extending chain.

This is designated by y for a leading sn-1 chain and by
B for a leading sn-2 chain. The chain backbone config-
uration in crystals is specified by the Pascher notation
as: f4/leading chain/6, (Pascher et al., 1992). That of the
glycerol moiety itself is described by the corresponding
63/01 combination of torsion angles. In the sc/y configu-
ration, the glycerol backbone is oriented approximately
parallel, and in the sc/f configuration almost perpendic-
ular, to the bilayer normal. In both the —sc/y and —sc/8
configurations, however, the backbone of the glycerol
moiety is oriented at approximately 45° to the bilayer
normal.

The torsion angles of the glycerol backbone in
lipid crystals correspond exclusively to staggered
conformations (Pascher et al., 1992). In principle, all
combinations of 64/6, staggered torsion angles are rep-
resented in lipid crystal structures, but only those with
64 =+sc or —sc allow the parallel chain stacking charac-
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Table 2

Torsion angles (°) of crystalline phospholipids, classified according to 64/leading chain/, and glycerol configuration 63/6,*. Structures of phos-
pholipids in fluid bilayers (L) derived from NMR are included for comparison

Lipid® oy o ay as 0, 0, 03 04 B B B Ba 12 V2 V3 V4 Ref.©
sclylsc, 03/0) =tg~ (27% of crystal structures)

DLPE —154 58 66 106 67 =52 65 —172 69 97 179 -—119 65 —178 173 179 —-171 1
sc/yl—sc, 03/0, =tt (30% of crystal structures)

DMPCB 177 -74 —-47 -—150 54 168  —80 166 51 120 179 -—134 67 102 176 180 180 2,3
sc/ylap, 03/6, =tg* (3% of crystal structures)

DMPCA 163 62 68 143 —64 58 177 —178 63 82 172 -8l 45 —177 168 —173 178 2,3
sc/Blsc, 03101 =tg~ (9% of crystal structures)

DMPA 153 —54 62 —179 62 87 172 164 179 —142 180 —119 73 4
sc/Blap, 0516, =tg* (3% of crystal structures)

DLPA —151 64 —171 —172 62 83 174 164 173 —-173 —-176 =77 70 2
—sclyl—sc, 03/6, =gt (15% of crystal structures)

DLPEM, 179 65 54 144  —-96 176 —66 56 —60 148 173 57 176 129 —167 166 175 5
—sc/ylap, 03/6; = g*g* (9% of crystal structures)

DMPGB 116 58 78 —147 —173 71 179 45 —58 157 180 —-50 —175 122 179 142 174 6
—sc/Bl—sc, 63101 =g*t (3% of crystal structures)

DMPG A —146 -76 —86 143 180 151 =78 64 —63 159 178 178 —179 164 —170 110 =57 6

DMPCL, 110 170 - - - =175 (=55¢ —95 (145)! 145 110 - - -70 180 - -7

DPPCL,® £170 F60 F64 FI145 +£81 8

DPPEL,® £193 +£50 +64 +96 87 9

2w, 0;, Bi and y; are torsion angles of headgroup, glycerol backbone, sn-2 chain and sn-1 chain, respectively (see Hauser et al., 1981 and Fig. 1).

Y DLPE, dilauroyl phosphatidylethanolamine; DMPA, dimyristoyl phosphatidic acid; DLPA, dilauroyl phosphatidic acid; DLPEMj, dilauroyl
dimethylphosphatidylethanolamine; DMPC A and B, dimyristoyl phosphatidylcholine; DMPG A and B, dimyristoyl phosphatidylglycerol; DMPC
L., liquid-crystalline state of dimyristoyl phosphatidylcholine bilayers; DPPC L, liquid-crystalline state of dipalmitoyl phosphatidylcholine bilayers;
DPPE L, liquid-crystalline state of dipalmitoyl phosphatidylethanolamine bilayers.

¢ References: 1, Elder et al. (1977); 2, Pascher et al. (1992); 3, Pearson and Pascher (1979); 4, Harlos et al. (1984); 5, Pascher and Sundell (1986);
6, Pascher et al. (1987); 7, Hong et al. (1996); 8, Seelig et al. (1977); 9, Seelig and Gally (1976).

4 Calculated from 6 and 63, respectively.
¢ Two interconverting enantiomers.

teristic of a membrane bilayer arrangement. In addition,
the +sc conformations for 64 and 0, are favoured by
the “gauche effect” found in polyoxyethylene (Pascher
et al., 1992; Abe and Mark, 1976). Torsion angles for
diacyl phospholipids representing the different confor-
mational possibilities in membrane bilayer crystals are
given in Table 2. The combinations sc/B/—sc, —sc/y/sc
and —sc/p/sc are not represented because each would
rotate the headgroup back into the bilayer, and the
latter two also exhibit an energetically unfavourable
03/01 =g*g~ glycerol configuration (Pascher et al.,
1992). For a similar reason, the 04/6> =ap/ap configu-
ration (with 63/6; =g~ g") is also strongly disfavoured
intramolecularly. The relative occurrences of the
different configurations in 33 lipid crystal structures
are: sc/y/sc, 27%; sc/y/—sc, 30%; sc/y/ap, 3%; sc/B/sc,
9% sclBlap, 3%; —scly/—sc, 15%; —sclylap, 9%;
—sc/B/—sc, 3% (Pascher et al., 1992). The sc/y/sc
(63/61 =tg™) and sc/y/—sc (63/61 =tt) configurations
are therefore particularly strongly represented, and a

trans (ap) conformation for 6, is disfavoured relative to
gauche (£sc).

Table 2 also lists torsion angles derived from
solid state NMR measurements for phosphatidylcholine
(DMPC) in fully hydrated fluid bilayer membranes
(Hong et al., 1996). This core configuration corresponds
to a single structure that is compatible with all 20
anisotropic NMR couplings measured for the backbone
region of phosphatidylcholine. The C(1)-C(2) torsion
angle in the glycerol backbone (63 = —95°) is midway
between staggered and eclipsed. It thus corresponds
to a relatively high-energy conformation. Approxi-
mately, the backbone configuration can be described
as 04/6, =ap/—sc (63/61 =g t), although the 64 tor-
sion is biased more strongly towards ac. This devi-
ation of 64 from a strictly frans (ap) conformation,
in combination with the unusual y; and B torsion
angles, allows parallel chain stacking, but results in
a relatively high internal conformational energy. This
energy penalty could be removed if, instead of a sin-
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gle fixed conformation, it is assumed that the 64 torsion
angle exchanges rapidly on the NMR timescale, between
staggered conformers. High resolution NMR of mono-
galactosyl diacylglycerol in oriented bicelles has been
interpreted in terms of a single predominant sc/y/—sc
configuration (Howard and Prestegard, 1995). On the
other hand, high resolution NMR studies of phospholipid
micelles were interpreted in terms of a rapid equilibrium
between conventional, low-energy rotamers 64 =+sc
and —sc in an approximately 2:1 ratio (Hauser et al.,
1988).

3.2. Headgroup configuration in bilayer crystals

The conformation of the headgroups of phospholipids
in bilayer crystals has been reviewed by Pascher et al.
(1992). In all cases, the headgroup lies preferentially
parallel to the bilayer plane and its internal conformation
is strikingly constant. Only the a4 torsion angle about
the O(32)-C(31) bond displays some limited variability.
Two mirror image configurations are found in which the
signs of the ar/a3 torsion angles are reversed, even for
non-racemic systems.

For phosphatidylethanolamine and its N-methylated
derivatives, including phosphatidylcholine, the head-
group configuration in bilayer crystals is specified
by: a1 =ap, ap==%£sc, az==+sc, aq=ap to Fac, and
o5 =Fsc, where the upper and lower signs repre-
sent the mirror images (see Table 2). The correlated
an/a3 = sc/Esc conformation is that expected on ener-
getic grounds for a phosphate diester (Chandrasekhar
et al, 2003). The dzsc/£sc combination is ca.
1 kcal/mol more favourable than the next lowest lying
an/a3 = Esc/ap combination, even after bond angle opti-
misation (Gorenstein and Kar, 1977). The C(31)-C(32)
torsion angle «s is exclusively either —sc or +sc, and its
sign is correlated with the size of the o4 torsion angle.
This configuration is determined by internal electrostatic
attraction that directs the positively charged nitrogen
to the phosphate oxygens. In lipid—protein complexes,
interaction of the lipid nitrogen with the protein may
be preferred over this internal interaction. In fluid lipid
bilayers, the deuterium and phosphorus NMR spectral
anisotropies for the polar headgroups of both dipalmi-
toyl phosphatidylcholine (DPPC) and dipalmitoyl phos-
phatidylethanolamine (DPPE) can be described by a
rapid interconversion between the two mirror-image con-
figurations that are observed in the phospholipid crystals
(Seelig et al., 1977; Seelig and Gally, 1976, and see
Table 2).

In bilayer crystals of dimyristoyl phosphatidylglyc-
erol, the headgroup configuration of the two opti-

cal enantiomers is specified by: o) ==Fac, oy =Fsc,
o3 =Fsc, ag = ac, a5 =ap and og = Fsc (see Table 2).
Here, the upper signs correspond to the enantiomer
with the natural 1-sn-glycerol configuration. The cor-
responding conformations of the glycerol oxygens are:
as50/0/a60/0 = sc/Esc (Pascheretal., 1992, 1987). This
is because as—as50/0=+120° for the 1-sn enantiomer
and —120° for the 3-sn enantiomer, and vice versa
for ag—go/0. The correlated wo/az conformations in
dimyristoyl phosphatidylglycerol are again the £sc/4sc
combination expected for a phosphate diester. In con-
trast to the phosphocholine/ethanolamine headgroup,
the s torsion angle in phosphatidylglycerol is ap (i.e.,
trans) and it is og that is in the Fsc (i.e., gauche)
conformation.

3.3. Chain configuration in bilayer membranes

The sp>-hybridized C—C single bonds in lipid bilayer
crystals are restricted mostly to staggered conformations
(Pascher et al., 1992). Eclipsed conformations carry an
energy penalty that depends on the substituent atoms.
For polymethylene chains, the rotational barrier that cor-
responds to the Fac eclipsed positions is contributed
almost exclusively by the intrinsic threefold rotational
potential (Borisova and Vol’kenshtein, 1961; Abe et al.,
1966). The dependence of the conformational energy
on torsion angles, ¢, in the trans (ap) to gauche (£sc)
range may therefore be approximated by (see, e.g., Flory,
1969):

E(¢) ~ Es + %(Eo — E5)(1 +cos 3¢) ey

where E, =~ 3 kcal/mol is the rotational barrier height
and E, is the energy of the neighbouring potential min-
imum (see Fig. 2). For the trans (ap) potential mini-
mum, E,=FE;=0, and for the gauche (£sc) minima,
E; =E; ~0.5kcal/mol. Eq. (1) can be used to esti-
mate the conformational energies corresponding to the
torsional angle ranges defined in Fig. 1b. The energy
span over the 0-30° range about the trans conformation
is E(ap) &~ 0-1.5 kcal/mol, that for the gauche confor-
mation is E(#£sc)~20.5-1.75 kcal/mol, and that for the
Fac eclipsed conformation is E(Zac) ~ 1.5-3 kcal/mol.
The extremes assigned to the staggered conformational
ranges therefore already encompass quite high energies,
relative to thermal energies (even at room tempera-
ture). The +ac eclipsed conformation, even at the £30°
extremes of its range is considerably higher in energy
than the gauche minimum, Eg. Substitution of bulky
groups in polymethylene chains will tend to make ener-
gies of the eclipsed conformations even greater. The sp
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Fig. 2. Schematic dependence of the C—C bond rotational poten-
tial, E(¢), on dihedral torsion angle, ¢. Trans (¢ =180°) and gauche
(¢ =60°) rotamers are indicated as projections along the C—C bond.

eclipsed conformer is of yet higher energy than the fac
conformations.

The stable rotamers for a C—C single bond in a lipid
chain are, therefore, the three staggered conformations,
trans, gauche* and gauche™ (ap, £sc). In bilayer crystals
of lipids with saturated unbranched fatty acids, the chains
are exclusively in the extended, all-frans configuration.
In the fluid state of lipid membranes, rapid transitions
take place between the equilibrium populations of the
three staggered rotamers, at a rate of >10'0s~! (see,
e.g., Moser et al., 1989). Eclipsed conformations (Zac)
are energetically unfavourable by ca. 3 kcal/mol, and rep-
resent the kinetic barriers to rotational isomerism.

The cis conformation (sp) is found normally only for
C=C double bonds, in unsaturated lipid chains. The C—C
single bonds adjacent to a cis double bond are con-
formationally less restricted than those in a saturated
chain. Two broad potential minima exist around torsion
angles +110° (extending approximately from £85° to
4140°) that correspond to the skew (ac) conformations.
Quasi straight-chain packing can be realised with con-
formational sequences about the double bond (A) of the
type g*sTAs™ and equivalents (Li et al., 1994). Sim-
ilar quasi-parallel packing of saturated chains can be

achieved if the gauche conformations are contained in
kink sequences, such as g¥tgT (Trduble, 1971). Adja-
cent gauche conformations of the same sense (8,/8,+1
or Yplynt1=gTg¥) produce a right-angle bend in the
all-trans chain direction, but are otherwise energetically
allowed with E(g*g®) ~ 1 kcal/mol for the pair of bonds
(cf. Marsh, 1974). Adjacent gauche conformations of
opposite sense (Bn/Bunt1 OF VulVnt1 = ging) are steri-
cally forbidden for strictly £60° torsion angles because
of the pentane effect. Relatively high local potential min-
ima, however, are found displaced from the g*gF con-
figuration at torsion angle pairs —65°, 103° and —103°,
65° (Abe et al., 1966). These shallow conformational
minima have an energy of E(g¥g¥)~3kcal/mol, rela-
tive to all-trans, E(tt), i.e., approximately half the value
per bond of the fac eclipsed conformers, E(£ac).

4. Membrane protein crystals

4.1. Lipid backbone and headgroup torsion angles
in protein crystals

Table 3 gives the torsion angles determined for arange
of phospholipids or glycolipids in crystals of cytochrome
¢ oxidase from P. denitrificans (Harrenga and Michel,
1999), Rhodobacter sphaeroides (Svensson-Ek et al.,
2002) and bovine heart (Mizushima et al., 1999); of
photosynthetic reaction centres from Rh. sphaeroides
(McAuley et al., 1999; Fyfe et al., 2000; Camara-Artigas
et al., 2002) and Thermochromatium tepidum (Nogi et
al., 2000); of photosystem I from Synechococcus elon-
gatus (Jordan et al., 2001); of light-harvesting complex
IT from spinach (Liu et al., 2004); of cytochrome ¢
reductase from Saccharomyces cerevisiae (Lange et al.,
2001) and chicken heart (Zhang et al., 1998); of the
ADP/ATP exchange carrier from bovine heart mitochon-
dria (Pebay-Peyroula et al., 2003); of the cytochrome
bef complex from Mastigocladus laminosus (Kurisu et
al., 2003) and Chlamydomonas reinhardtii (Stroebel et
al., 2003); of the KesA K*-channel from Streptomyces
lividans (Valiyaveetil et al., 2002); and of formate and
succinate dehydrogenases, and nitrate reductase, from
Escherichia coli (Jormakka et al., 2002; Yankovskaya et
al., 2003; Bertero et al., 2003).

In addition to the diacyl lipids phosphatidyl-
choline (PtdCho), phosphatidylethanolamine (PtdEtn),
phosphatidylglycerol (PtdGro), phosphatidylinositol
(PtdIns), phosphatidate (Ptd), diglyceride (acyl,Gro),
galactosyldiglyceride (Gal(acyl)oGro), digalactosyl
diglyceride (Gal,(acyl),Gro), glucosylgalactosyl digly-
ceride (GlucGal(acyl)2Gro) and sulphoquinovosyl
diglyceride (SQacyl,Gro), data are presented in Table 3
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Table 3
Torsion angles (°) of phospholipids/glycolipids in crystals of transmembrane proteins (Marsh and Pali, in press)?
Lipid" o) o o3 oy os 01 6> 03 04 Bi B2 B3 Bs Y1 V2 V3 12}
Cytochrome c oxidase (P. denitrificans): PDB:1QLE (Harrenga and Michel, 1999)
Ste, PtdCho -176  -54 —61 -—116 —102 —161 —49 54 —62 -—174 -—17 132 152 179 =52 142 —122
179 178 —178 78 155 130 —120 67 —47 131 135 31 —173 178 167 123 179
Cytochrome ¢ oxidase (Rb. sphaeroides): PDB:1M56 (Svensson-Ek et al., 2002)
Ste, PtdEtn 147 109 176 —173 137 144 —-112 =20 -—-132 -175 153 —128 152 114 92 —-167 -—179
—159 32 121 —158 140 -167 —61 155 44 122 —-150 -—157 158 —166 180  —88 111
142 —142 —100 151 143 48 162 147 32 122 155 —83 —151 -92 —16l —91 -—163
—-156 =75 132 151 174 —54 58 —-93 156 80 171  —109 110 —164 153 161 130
160 —-111 =70 —80 151 —115 1 —-150 86 99 167 —102 155 —-118 —-179 160 131
—164 141 152 -3 —170 133 —107 -—129 109 131 100 177 —-174 —167 168 175 74
Cytochrome ¢ oxidase (bovine): PDB:1V54 (Tsukihara et al., 2003)
PalLinPtdCho —-153 -9%6 98 120 -85 32 162 —127 103 =51 -—126 108 —138 —110 120 —-80 —84
SteA4AchPtdEtn 130 —58 108 —145 11 -81 49 47 -85 133 142 118 133 117 —168 172 —100
—125  —72 —71 —102 165 64 —179 —146 96 133 159 91 143 —152 151 151 171
151 —-97 -—127 177 —69 176  —62 —139 98 127 174  —145 114 —-112 -129 166 163
PalVacPtdGro —140 —-69 —-59 175  —-63 =50 67 —178 63 104 176 167 —178 86 175 42 58
94 75 85 116 —178 63 —176 —167 75 127 —-179 176 84 —107 169 —153 —168
-91 -92 129 144 —120 93 34 172 44 106 146 —139 69 165 163 179 150
52 82 78 27 —158 89 —125 —64 149 —46 -—105 87 —136 —137 —-87 38 98
(acyl,Ptd), Gro 150 -74 =31 -—135 138 139 —-92 -133 99 144 —133 —150 107 —174 107 =72 149
-9% —119 164 35 118 162 —71 116 —10 122 165 —64 —154 —-170 164 —162 —151
-85 —157 -—112 114 —-41 114 —124 -—144 93 69 120 -92 80 —173 160 99 —177
153 =76 -7 155 118 134 —105 -—118 122 126 142 -97 —-176 -—116 175 —-156 —112
Cytochrome c reductase (S. cerevisiae): PDB: 1KB9 (Lange et al., 2001)
acyl,PtdEtn 163 61 —-179 =79 135 —18 104 —180 56 77 180 —-92  —80 180 180 29 —136
142 102 —-87 -—116 31 145 —94 179 56 130 170 180 137 179 179 75 —131
acyl,PtdCho 179 —-49 -109 139 55 —140 =29 -—-179 65 136 133 148 129 180 180 73 176
acyl,PtdIns —151 115 =73 — - =65 47 180 61 132 127 167 70 —179 180 —179 109
(acyl, Ptd), Gro 180 46 —119 144 51 —116 0 —-179 61 110 41 108 167 179 —-64 36 -84
179 —-163 —143 —180 —133 -—115 0 180 61 124 118 —141 180 180 161 180 66
Cytochrome c reductase (chicken): PDB: 1BCC (Zhang et al., 1998)
122 -6l 164 155 —163 -71 108 —113 69 —115 —-179 176 180 —134 17 109 123
—134 —-63 —-168 —117 —82 86 93 51 131 —175 179 176 —179 —113 89 —120 -170
ADP/ATP carrier (bovine): PDB:10KC (Pebay-Peyroula et al., 2003)
acyl,PtdCho 180 —-64 —62 —89 —109 117 —128 87 =30 86 147 —1 107 180 —103 —161 160
—-179 —-62 —62 —140 —106 —43 72 90 27 125 150 85 149 180 171 76 —112
—-178 —-60 —63 —176 —178 —41 75 171 52 102 180 —107 100 180 110 - -
—179 — — — - =51 63 —143 99 87 149 —112 106 180 156 — —
(acyl, Ptd), Gro —156 124 —-66 —-179 —63 123 —123 90  -36 150 155  —-74 —169 177 —179 136 94
118 —65 —158 148 54 123 —118 180 62 140 133 146 180 167 180 —88 -
—163 123 —64 —148 —65 15 136 -85 150 132 139 —-118 —-177 -—113 180 - -
167 =57 136 —142 -92 —13 108 180 60 137 114 —119 180 106 180 —135 —
- - - - - - - 50 —-81 =59 -—116 —146 —83 147 180 168 —162
Photosynthetic reaction centre (Rb. sphaeroides): PDB:1M3X, 1QOV, 1E14 (Camara-Artigas et al., 2002; McAuley et al., 1999; Fyfe et al., 2000)
acyl,PtdCho —140 146 —40 —111 167 53 179 179 47 81 103 80 180 180 180 —69 144
(Gle Gal) acyl,Gro 0 - - - - =62 118 —106 74 0 160 —178 168 180 —162 0 —66
(acyl,Ptd), Gro 137 130 —-62 —-173 —66 97 —142 -151 84 156 142 —152 —-156 —147 —177 —145 —156
—-163 —43 88 173 =59  —58 62 176 58 95 164 —120 180 90 176 84 —144
—62 59 149 30 97 —174 -120 154 120 163 96 —128
Photosynthetic reaction centre (Th. tepidum): PDB:1EYS (Nogi et al., 2000)
Pam;, PtdEtn 179 —131 53 88 99  —98 18 —143 96 62 177 —-83 —-179 —83 42 180 —64
Photosystem I (S. elongatus): PDB:1JB0 (Jordan et al., 2001)
Pam, PtdGro 176 33 179 —141 —156 49 172 74 =50 130 —155 —66 179 153 —146 127 67
—-179 57 -179 157 120 51 169 166 46 102 158 —-95 —-162 —-109 —157 —66
179 43 —178 122 =58 —60 60 176 54 120 119 —178 178 122 —109
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Table 3 (Continued )
Lipid® a o a3 ay as 01 0> 03 04 B B2 B3 Ba 71 V2 V3 Ya
Gal Ste,Gro 158 67 —176 60 —60 143 —178 —-66 —172 179 176 180 -52
Light-harvesting complex II (spinach): PDB:1RWT (Liu et al., 2004)
Pam;PtdGro —-159 —101 =71 —154 -139 91 -—151 10 —112 131 —-150 —-107 —153 123 54 -95 108
—158 —157 177 —-160  —62 135  —107 1 —121 140 —160 —103 —155 120 62  —87 108
-169 —-113 —-163 —-170 28 95 —148 0 —123 139 —158 —111 —160 124 63 —94 109
Gal, Ste, Gro —132 161 —-79 92 -31 167 170 —156 —136 —120 -—107 127 129
Cytochrome bgf (M. laminosus): PDB:1UM3 (Kurisu et al., 2003)
Ole,PtdCho 179 —178 148 178 178  —65 55 —78 165 —176 1 141 180 —140 0 180 —64
—-110 —-107 119 178 —176 158 =77 —47  —171 —64 -1 —124 163 —-175 —-177 —165 —68
162 85 96 174 174 178 —-62 =57 —174 —-170 2 144 172 —107 2 -92 —168
165 —88 103 —168 —176 170  —67 36 87 52 0 —148 74 —155 180 38 172
Cytochrome bgf (C. reinhardtii): PDB:1Q90 (Stroebel et al., 2003)
Gal Ste, Gro 142 - - - - 65 —178 152 38 9 —176 57 180 —179 180 180 —170
-170 - - - - 62 —178 164 41 139 180 —178 180 180 180 180 173
SQ acyl,Gro 144 - - - - —160 —41 62 —59 108 171 - - 127 —-131 -139 180
Nitrate reductase A (E. coli): PDB:1Q16 (Bertero et al., 2003)
acyl, PtdGro —178 59 —147 160  —58 159 =70 180 50 137 169 —170 62 103 146 129 —128
acyl,PtdH —157 - - - - =67 112 =76 104 —121 - - - 180 170 180 —151
Formate reductase N (E. coli): PDB:1KQF (Jormakka et al., 2002)
(acyl,Ptd),Gro —138 —136 —178 -73 -31 —12 96 —158 84 101 108  —45 142 105 179  -38 —108
169 —123 =30 -—-129 -—134 —84 31 —119 121 144 143 -79 —158 —151 144 104 —175
Succinate dehydrogenase (E. coli): PDB:1NEK (Yankovskaya et al., 2003)
(acyl,Ptd), Gro 180 178 180 179 36 177  —65 66  —52 135 —-179 —-160 —173 152 —133 95 —-179
143 —-174 -112 —95 162 —66 53 -—112 130 129 —158 —149 180 179 —-164 —118 138
acyl, PtdEtn 180 157 —52 131 —168 65 —177 —-177 61 93 179 58 180 —179 180 -76 —172
KcsA channel (S. lividans): PDB:1K4C (Valiyaveetil et al., 2002)
acyl,Gro - - - - - 50 172 164 42 112 75 112 174  —166 163 96 —163

% a;, 0;, Bi and y; are torsion angles of headgroup, glycerol backbone, sn-2 chain and sn-1/sn-3 chain, respectively (see Hauser et al., 1981 and

Fig. 1).

b Abbreviations: Ptd, phosphatidyl; Cho, choline; Gro, glycerol; Etn, ethanolamine; Ins, inositol; Glc, glucose; Gal, galactose; SQ, sulphoquinovo-
syl; Ste, stearoyl; Pam, palmitoyl; Phy, phytanyl; Lin, linoleoyl; Vac, vaccenoyl; A4Ach, arachidonoyl.

for the tetraacyl lipid diphosphatidyl glycerol (car-
diolipin, (acyl,Ptd);Gro). Torsion angles are listed
separately for the two phosphatidyl moieties of car-
diolipin, i.e., a double entry corresponds to a single
cardiolipin molecule. For each phosphatidyl moiety, the
torsion angle a5 corresponds to rotation about the bond
adjacent to the central C(OH) in the bridging glycerol of
the cardiolipin headgroup (i.e., a5 for one corresponds
to o for the other and vice-versa).

Table 4 gives the torsion angles for the diphytanyl
lipids in different crystals of bacteriorhodopsin from the
archaeon Halobacterium salinarum. The data given for
the PDB:1BRR lipids are those from the first X-ray struc-
ture in which endogeneous lipids were well resolved
(Essen et al., 1998). Two of these are glycolipids. Of the
others in Table 4, the data for PDB:1C3W lipids are from
one of the highest resolution (1.55 A) structures reported
to date (Luecke et al., 1999). Nonetheless, the headgroup
structure was not resolved for these diphytanyl ether-
linked lipids. Correspondingly, the diphytanyl glycerol

structures with PDB code 1QHJ were modelled into
the electron density, but not included in the refinement
(Belrhali et al., 1999). The PDB:1QMS series of lipids
is the only one for which phospholipid headgroups are
resolved in the lipids associated with bacteriorhodopsin.
One is phosphatidylglycerol phosphate, the methylated
derivative of which is the major membrane lipid of
H. salinarum. It is likely that the other phospholipid
moieties, phosphatidic acid and phosphatidylglycerol
represent fragments of phosphatidylglycerol phosphate
methyl ester. Phosphatidylglycerol itself is, however, a
minor lipid constitutent of H. salinarum (Belrhali et al.,
1999; Kates et al., 1993). Diphytanyl glycolipids are also
present, as already mentioned, and are designated trigly-
cosyl diphytanylglycerol in Table 4.

4.2. Lipid chain torsion angles in protein crystals

Fig. 3 gives the positional dependence of the hydro-
carbon chain torsion angles, y,, and §,, for the lipids
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Table 4
Torsion angles (°) of diphytanyl phospholipids and glycolipids in crystals of bacteriorhodopsin (Marsh and Pali, in press)®
Lipid" PDB  Ref’ «; o a3 o as 0 0> 03 04 B B2 B3 B Y1 72 V3 Va4
Phy,Gro IBRR | 178 170 =71 —112 —157 171 —169 —146 —177 —169 —179
Triglycosyl IBRR 1 38 —128 108 —106 27  —45 89 169 175 —116 —164 —166 175
Phy,Gro
110 —162 —-164 —42 -85 166 145 —168 —166 —172 —175 -176
Phy,Gro 1C3W 2 63 —179 —10 —128 142 —138 —69 —127 104 132 —124 33
50 -80 41 171 —-115 =25 -—138 103 99  —68 155 —118
-9 -129 83 —158 —I115 120 —-177 141 108 —30 —100 —166
49 =70 70 —171 166 117 161 137 86 17 —163 —168
Phy,Gro IQHJ 3 153 —63 10 —177 —140 27  —-87 —163 —150 —136
33 179 56 151 =73 —67 74 145 67 —176
—111 93 104 67 172 168 —136 59 —153 180
107 =75 =78 —107 107 —151 160 168 —178 162
133 -74 71 109 69 —141 111 138 167 179
42 —174 170 79 —161 45 153 147 —163 —166
51 —-150 —-103 71 168 169 71 55 —171 174
—60 153 59 69 95 —-167 57 —63 170 —167
—164 51 82 86 170 =55 —177 118 —149 —159
Phy,Ptd 1IQM8 4 98 —160 175 —-64 =59 —113 —150 175 152 =75 156 —165
Triglycosyl ~ 1QM8 4 56 —-129 109 —110 10 —46 105 172 179 —105 -—158 —167 174
Phy,Gro
—86 154 117 —124 154 157 147 100 70 133 —176 =78
Phy,PtdGroP 1QM8 4 164 30 162 166 134 71 —50 165 —74 57 100 —161 173 —172 —172 —165 179
Phy,PtdGro 1QM8 4 —144 —-179 50 93 135 -—146 -170 =51 157 —160 170 =81 178 168 —175 =70

2 wj, 0;, Bi and y; are torsion angles of headgroup, glycerol backbone, sn-2 chain and sn-3 chain, respectively (see Hauser et al., 1981 and Fig. 1).
b Abbreviations: Ptd, phosphatidyl; Gro, glycerol; GroP, glycerol phosphate; Phy, phytanyl.
¢ References: 1, Essen et al. (1998); 2, Luecke et al. (1999); 3, Belrhali et al. (1999); 4, Takeda et al. (2000).

in crystals of four different transmembrane proteins.
For n>3, y, and B, correspond to torsion angles of
the purely hydrocarbon section of the chain, undis-
turbed by the ester or ether linkage. For the two phos-
phatidylcholine lipids associated with P. denitrificans
cytochrome ¢ oxidase (Harrenga and Michel, 1999), all
four chains are 18 C-atoms in length and the torsion
angles with n>3 correspond to a predominantly trans
(ap) conformation throughout the chain (Fig. 3A). The
latter is especially the case for one of the two molecules,
where the mean frans torsion angle is 182 +9° (S.D.,
N=29). The only exception to the quasi all-trans struc-
ture is the single cis (sp) conformation 813 =0°, in the
sn-2 chains of both lipids. This almost certainly cor-
responds to the presence of a double bond, although
all bonds are modelled with bond lengths and bond
angles appropriate to C—C single bonds. The bonds adja-
cent to the C11-C12 cis bond are, nevertheless, in the
trans (ap) conformation, and not in an allowed skew
conformation.

Fig. 3B gives the chain torsion angles of cardiolipin
(diphosphatidyl glycerol, with four chains) in associa-
tion with a photosynthetic reaction centre mutant from
Rb. sphaeroides. Not all chains were fully resolved in the
electron density, nor could any double bonds be resolved

specifically, although expected in the endogenous lipid
(McAuley et al., 1999). For the AM260W mutant, the
first 14 C-atoms in the sn-1 chain and the first 15 C-
atoms in the sn-2 chain are resolved for one phosphatidyl
moiety of diphosphatidyl glycerol. Correspondingly, 15
C-atoms of the sn-1 chain and 9 C-atoms of the sn-2
chain are resolved for the other phosphatidyl moiety.
The cardiolipin chain configuration is predominantly
trans (ap) in this reaction centre, as for the phosphatidyl-
choline molecules associated with bacterial cytochrome
c oxidase. However, the spread in torsion angles is con-
siderably larger (the mean trans dihedral is 182 £ 16°
S.D.) for the reaction centre cardiolipin, and a signifi-
cant proportion of the torsion angles lies in the eclipsed
(£ac) range. Only two torsion angles lie within the
gauche (£sc) range of staggered conformations. None
occurs in the cis (sp) range, although unsaturated chains
are expected in Rb. sphaeroides cardiolipins (Russell
and Harwood, 1979). Qualitatively similar results (not
shown) are found for the cardiolipin molecule associ-
ated with the FM197R/GM203D mutant reaction centre
(Fyfe et al., 2000). This is of significance because the
latter data set was collected at low temperature (100 K),
whereas that for the AM260W mutant was obtained at
room temperature (298 K).
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Fig. 3. Positional profiles of the torsion angles, y, and B,, in the sn-
1/sn-3 (solid symbols) and sn-2 (open symbols) chains, respectively, of
phospho-/glyco-lipids in crystals of integral membrane proteins. (A)
Distearoyl phosphatidylcholine in association with Paracoccus den-
itrificans cytochrome ¢ oxidase. The two molecules are designated
PC2 2 (M, O) and 3 (@, ), respectively (Harrenga and Michel,
1999; PDB:1QLE). (B) Cardiolipin in association with Rhodobacter
sphaeroides photosynthetic reaction centre mutant AM260W (M, [J,
@, O). The two phosphatidyl moieties are designated CDL A (M, [J)
and B (@, O), respectively (McAuley et al., 1999, PDB:1QOV). (C)
Phosphatidylglycerol (LHG) and monogalactosyl diglyceride (LMG)
in association with Synechococcus elongatus photosystem I (Jordan
et al., 2001; PDB:1JB0). The two complete diacyl lipid molecules are
LHG 5001 (M, OJ) and LMG 5002 (@, ). (D) Diphytanyl glycerol
in association with Halobacterium salinarum bacteriorhodopsin. The
phytanyl chains of the three molecules are those designated ARC 11
(M), ARC 12 (), ARC 21 (A), ARC 22 (A), ARC 31 (@), and ARC
32 (O) (Essen et al., 1998; PDB:1BRR).

Fig. 3C gives the torsion angles of a phosphatidyl-
glycerol molecule and a monogalactosyl diglyceride
molecule in association with the photosystem I com-
plex from S. elongatus (Jordan et al., 2001). The phos-
phatidylglycerol chains are 16 C-atoms in length (i.e.,
dipalmitoyl) and those of the monogalactosyl diglyc-
eride are 18 C-atoms in length (i.e., distearoyl). The
spread in torsion angles for the chains of both lipids is yet
greater than that for the cardiolipin acyl chains in con-
tact with the reaction centre. However, the proportion of
staggered conformations in Fig. 3C is much higher than
in Fig. 3A and B. The greater conformational flexibil-

ity arises from an increased population of gauche (£sc)
rotamers; that of the eclipsed (Zac) rotamers is much
lower, particularly for the monogalactosyl diglyceride.

Fig. 3D shows the torsion angles for the chains of
three diphytanyl lipid molecules (six chains in total)
associated with bacteriorhodopsin (Essen et al., 1998).
Each chain is ether-linked to the glycerol backbone,
instead of ester-linked as are the chains of the other
lipids considered above. The phytanol chain is 16 C-
atoms long and fully saturated, but with methyl branches
at the 3, 7, 11 and 15 C-atom positions (i.e., a total
of 20 C-atoms). Because of the methyl branch at the
penultimate carbon of a phytanyl chain, there is ambigu-
ity in defining the final main-chain torsion angle. For
this reason, the torsion angles y, and B, in Fig. 3D
are defined only up to n=15. The spread in torsion
angles of the phytanyl chains interacting with bacteri-
orhodopsin found in Fig. 3D is qualitatively similar to
that found for the diacyl lipids associated with photo-
system 1. Again, the greater conformational flexibility
relative to Fig. 3A and B arises from a greater number of
staggered gauche (£sc) rotamers, rather than of energet-
ically unfavoured eclipsed (£ac) rotamers. No cis (sp)
conformers are found, and none are expected for satu-
rated phytanyl chains.

Results from the other three datasets for diphytanyl
lipids associated with bacteriorhodopsin are not shown
in Fig. 3. These differ considerably from those shown in
Fig. 3D in that they contain a considerably higher propor-
tion of eclipsed conformers. For the PDB:1C3W series,
the population of eclipsed (f-ac) conformers equals that
of the trans (ap) conformers, and the proportion of
gauche (£sc) conformers is rather low. The PDB:1QHJ
and PDB:1QMS8 series are both characterised by an
appreciable population of eclipsed (dac) conformers,
and also of gauche (Zsc) conformers. Again, cis (Sp)
conformers are almost absent.

5. Comparison of lipid conformations in
membranes and protein crystals

Many of the lipid chain configurations in protein crys-
tals are characterised by a relatively high proportion
of energetically unfavourable eclipsed conformations
(Marsh and Pdli, in press). In principle, rather high rota-
tional conformational energies, can be sustained in the
lipid molecules if there is a compensating energetically
favourable stabilisation by the lipid—protein interaction.
In this scenario, the surface contour of the hydrophobic
protein side chains would force the lipid into eclipsed
conformations in order to optimise their mutual interac-
tions. Measurements on the selectivity of lipid—protein
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interactions with rhodopsin and other membrane pro-
teins reveal only a weak dependence on lipid chain length
(Ryba and Marsh, 1992; Marsh, 1995). This implies
that the interaction of lipid chains with the hydrophobic
surface of transmembrane proteins is only marginally
more favourable than the interaction of lipid chains with
themselves. In further support of this, little selectivity
is found between spin-labelled lipids of the same head-
group but different numbers of chains in the interaction
with cytochrome ¢ oxidase and with the Na, K-ATPase
(Powell et al., 1987; Esmann et al., 1988). Finally,
the off-rates for exchange of non-selective lipids at the
intramembranous surface of integral proteins, although
significantly slower, are nevertheless comparable to dif-
fusive lipid-lipid exchange rates in fluid lipid bilayers
(Marsh and Horvath, 1998). This again implies no strong
preferential interaction of the lipid chains with the pro-
tein rather than with themselves.

The results of spectroscopic thermodynamic studies
therefore suggest that lipid chains have affinities among
themselves that are energetically similar to those for
the lipid—protein interface. Typically chain cohesions in
fluid lipid bilayers correspond to interaction free energies
of AG,, ~—0.6kcal/mol/CH, (Cevc and Marsh, 1987,
King and Marsh, 1987). The preferential selectivities
for the lipid—protein interface, determined as mentioned
above, are approximately one-tenth of this (Marsh and
Horvath, 1998). A possible exception is cardiolipin inter-
acting with the ADP—ATP carrier, for which the off-rate
of lipid exchange is considerably lower than would be
predicted from the average relative association constant
(Horvath et al., 1990). On balance, these measurements
therefore suggest that lipid chain interactions with inte-
gral proteins in membranes are unlikely to produce suf-
ficient stabilisation energy to compensate the formation
of energetically unfavourable eclipsed conformations.

It is possible that the energetic considerations above
regarding generalised lipid—protein interactions in mem-
branes may not apply to the lipids that are resolved
specifically in the X-ray structures of membrane protein
crystals. Much stronger stabilisation of the lipid—protein
interaction may be required or indicated in the latter
case. This cannot, however, apply universally to cases in
which all lipids at the protein interface are resolved (e.g.,
Belrhali et al., 1999). Further, very few eclipsed confor-
mations are present in structures for which the mean
temperature factors (B-values) of the lipids are compa-
rable to those of the protein. This is also true for the
protein side chains in high-resolution crystal structures
(Ponder and Richards, 1987). Both these facts suggest
rather strongly that the conformational violations in the
lipids may well be the result of configurational disorder

Table 5
Classification of glycerolipid structures in membrane protein crystals
according to backbone configuration (Marsh and Pali, in press)*

0416, (03/61) NP Rel. population (%)
Staggered, parallel-chain
sc/sc (tg™) 10 9
—sc/—sc (g*t) 9 9
(tg") 1
sc/ap (tg*) 11 10
—sc/ap (g*g") 2 2
sc/—sc (tt) 5 4
—sc/sc (g*g™) 2 5
(tt) 4
Staggered, nonparallel-chain
ap/—sc (g7 2 4
(g"g") 2
ap/sc (g7g) 3 2
Eclipsed 62 55

2 For definition of torsion angles see Fig. 1.
Y Number of structures.

rather than representing true molecular structures (see
also DePristo et al., 2004).

5.1. Glycerol backbone configuration

Table 5 groups the various lipid structures in mem-
brane protein crystals according to their 84/6, and 63/0,
torsion angle configurations. Combinations of these
complementary torsion angle pairs are given appropri-
ate to the expected optical enantiomer for non-archaea
and archaea. Because the interaction of the lipid chains
with the hydrophobic protein side chains removes the
necessity for the strictly parallel chain stacking that is
found in lipid crystals, a leading chain cannot always
be identified unambiguously. Therefore, this classifica-
tion is not attempted. Thirty-five percent of the structures
have staggered configurations that are found with paral-
lel chain stacking in the crystals of phospholipids (cf.
Table 2). A further five structures of archaeal lipids
have corresponding configurations but of the opposite
optical enantiomer. Seven of the structures have stag-
gered configurations that would not give rise to parallel
chain stacking in bilayers and therefore are not repre-
sented in the phospholipid crystals. All of the remaining
structures have at least one eclipsed conformation and
42% of these have both torsion angles in the eclipsed
range.

The staggered, parallel-chain structures for non-
archaeal lipids in the protein crystals comprise 26%
sc/sc, 23% —sc/—sc, 28% sc/ap, 5% —sc/ap and 13%
sc/—sc configurations, together with 5% of the —sc/sc
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enantiomer. In the lipid crystals, the relative occur-
rences are, for comparison: 36% sc/sc, 18% —sc/—sc,
6% sclap, 9% —sc/ap and 30% sc/—sc (Table 2). Thus,
the protein-interacting lipids are relatively enriched in
conformations with 6, = ap, at the expense of the sc/—sc
conformer. Presumably, protein—lipid interactions out-
weigh the intramolecular “gauche effect” in the more
abundant sc/ap structures. Indeed, both secretory and
pancreatic phospholipases A, bind inhibitory substrate
analogues in the sc/y/ap configuration (Scott and Sigler,
1994; Thunnissen et al., 1990).

As already mentioned, lipids at the protein interface
must not necessarily display the parallel chain pack-
ing that is essential in bilayer crystals. Therefore, the
ap/—sc configurations in Table 5 are not automatically
disfavoured sterically. In fact, departures from paral-
lel chain packing may be required in some instances
if both chains are to be accommodated in grooves in
the protein surface. There are examples of nonparallel-
chain structures also for phospholipids in the binding
sites of soluble proteins (Pascher, 1996; Marsh, 2003).
Phosphatidylcholine bound as an inhibitor of the pan-
creatic lipase—colipase complex adopts the ap/sc config-
uration (van Tilbeurgh et al., 1993). On the other hand,
a phosphocholine analogue takes up the ap/ap glycerol
configuration as inhibitor complex with cobra venom
phospholipase A, (Plesniak et al., 1995).

It has been suggested, on the basis of evidence sum-
marised earlier above, that the sc/y conformer predom-
inates in the dynamic configuration of glycerolipids
in hydrated bilayer membranes (Pascher, 1996). This
permits all three 6, rotamers of the headgroup. The
lipids associated with membrane proteins in their crys-
tals apparently sample a wider conformational space. Of
the conformations found in lipid bilayer crystals, all are
fully represented by lipids in the crystals of membrane
proteins.

5.2. Lipid chain configuration

The eucaryotic and bacterial lipids contain a rather
large proportion of eclipsed skew conformers, at the
expense of gauche conformers (see, e.g., Fig. 3A-C).
For those chains with appreciable gauche populations,
only six classical g*tg~ kink sequences are found
(Fig. 3C); 19 g*g® sequences appear in the complete
range of lipids surveyed in Tables 3 and 4, and five
g~ g" sequences occur at the chain ends (where they are
sterically allowed). Interestingly, several of these cou-
pled sequences (6 out of 30) appear in just two lipids:
both are dioleoyl phosphatidylcholines associated with
M. laminosus cyt bgf (Kurisu et al., 2003).

The single cis conformation of phosphatidylcholines
associated with P. denitrificans cytochrome ¢ oxidase
(Harrenga and Michel, 1999) (see Fig. 3A) is in the
sn-2 chain, as expected for a cis double bond. The
location of the putative unsaturated cA-bond is at the
C11-C12 position, rather than at the C9—C10 position as
in oleic acid, the common monounsaturated fatty acid.
Flanking skew conformations such as might facilitate
straight-chain packing are also absent. Otherwise, the
phosphatidylcholine chains associated with P. denitrifi-
cans cytochrome oxidase are predominantly in the trans
configuration, corresponding to a rather pronounced
ordering at the lipid—protein interface. Gauche confor-
mations apparently are absent and the proportion of ener-
getically unfavourable eclipsed conformations (which
might indicate the presence of non-identified gauche
conformations) is rather low, especially for one of the
two molecules. For phosphatidylcholine associated with
Rb. sphaeroides reaction centre (Camara-Artigas et al.,
2002), the sn-2 cis bond is in the position expected for
oleic acid; but for glucosyl galactosyl diglyceride also
associated with the reaction centre, the cis bond is at
position C8—C9 of the lipid chain and is flanked by trans
rather than by skew conformers. The chains of these
two lipids are also almost devoid of gauche rotamers,
but disorder is introduced by a limited number of skew
conformations. This is also the case for the resolved
chain segments of phosphatidylcholine associated with
S. cerevisiae cytochrome c¢ reductase (Lange et al.,
2001).

The chains of cardiolipin, phosphatidylethanolamine,
phosphatidylcholine and phosphatidylglycerol associ-
ated with bovine cytochrome ¢ oxidase (Tsukihara et
al., 2003) contain cis (sp) conformers, presumably asso-
ciated with double bonds. All four chains of each car-
diolipin have C9-C10 and C12—C13 cis rotamers cor-
responding to the C18:2cA%!2 configuration of linoleic
acid which constitutes nearly all chains of cardiolipin
associated with bovine cytochrome c¢ oxidase (Powell et
al., 1985). The sn-2 chains of phosphatidylethanolamine
have cis torsion angles, 87, B0, B13 and Big, about
the C5-C6, C8-C9, C11-C12 and C14-C15 bonds
which correspond to the C20:4cA>81114 configuration
of arachidonic acid. The sn-2 chains of phosphatidyl-
glycerol have a cis configuration about the C11-C12
bond, which corresponds to C18:1cAll, i.e., the cis
rather than the usual frans double bond of vaccenic
acid. The sn-2 chains of phosphatidylcholine have cis
B11 and By torsion angles that would correspond to a
C18:2cA%14 configuration, although the PDB:1V54 file
describes this as alinoleoyl chain. Of the 34 double bonds
in the phospholipids associated with bovine cytochrome
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c oxidase, 65% have at least one adjacent skew (ac) con-
formation, and 35% have two adjacent skew conformers.
These, however, account for only 24% of the total skew
conformations in the chains of these lipids.

The chains of one phosphatidylglycerol, and of galac-
tosyl diglyceride, associated with S. elongatus PS 1
(Jordan et al., 2001) contain no cis bonds (see Fig. 3C).
Conformational disorder is restricted mostly to gauche
rotamers, with the population of eclipsed conformers
being very low. The chains of phosphatidylglycerol and
of digalactosyl diglyceride associated with spinach LHC
II (Liu et al., 2004) also contain no cis bonds. However,
the population of skew conformers in these chains is very
high.

The cis (sp) conformers that appear in phos-
phatidylethanolamines associated with Rb. sphaeroides
cytochrome ¢ oxidase (Svensson-Ek et al., 2002) are
confined to the sn-1 chain and largely appear in uncon-
ventional positions. They therefore likely correspond
to energetically forbidden eclipsed conformers. Both
sn-1 and sn-2 chains contain a high proportion of the
energetically disallowed skew (ac) conformers that are
not associated with double bonds. Similar considera-
tions apply to phosphatidylethanolamine associated with
the Th. tepidum reaction centre (Nogi et al., 2000),
although here the yg=sp cis conformer is flanked by
skew (—ac) conformers. The only cis conformer in
the phosphatidylethanolamines associated with S. cere-
visiae cytochrome c¢ reductase (Lange et al., 2001)
is y1o=sp in a single sn-1 chain. The population
of eclipsed skew conformers is rather high, however,
44% =ac for both phosphatidylethanolamines. That for
phosphatidylinositol, which contains no cis conformers
is less: 30% =ac, although still considerable. Phos-
phatidylethanolamine associated with E. coli succinate
dehydrogenase (Yankovskaya et al., 2003) also conforms
to this general pattern: 36% =ac and no sp.

Although the four lipids associated with the M.
laminosus dimer cytochrome bgf complex are designated
as dioleoyl phosphatidylcholine (used in the crystallisa-
tion; Kurisu et al., 2003), only two of the eight chains
contain a cis rotamer. Further, these two cis conform-
ers are at the C8—C9 position of the chain, rather than
at the C9—C10 position of the cis double bond in oleic
acid. The chain disorder of these phosphatidylcholines is
characterised by a rather large population of gauche con-
formers (21%), relative to the energetically disallowed
skew conformers (7%). All four lipids, however, contain
an unconventional methyl substitution at the C2 position
of the glycerol backbone. This additional methyl group
is not present in dioleoyl phosphatidylcholine, nor in any
known naturally occurring glycerolipid.

The cardiolipins associated with Rb. sphaeroides
reaction centre (McAuley et al., 1999; Fyfe et al., 2000;
Camara-Artigas et al., 2002), E. coli formate reductase
(Jormakka et al., 2002), and E. coli succinate dehydro-
genase (Yankovskaya et al., 2003), contain no cis con-
formers in their chains and also very few, or no, gauche
rotamers. Cardiolipin associated with the reaction cen-
tre contains a large proportion (ca. 40%) of eclipsed tac
conformers, as to a lesser extent does that associated with
formate reductase (30% =ac), whereas that associated
with succinate dehydrogenase is characterised by a high
trans population (76%) and 19% tac. On the other hand,
cardiolipin associated with S. cerevisiae cytochrome c
reductase (Lange et al., 2001) has two cis conformers, at
C5-C6 in one phosphatidyl moiety and at C9—C10 in the
other, but both in the sn-1 chain. This cardiolipin is also
characterised by a relatively high gauche rotamer pop-
ulation (22% =sc) and a similar proportion of eclipsed
conformers (22% =ac).

5.3. Phytanyl chain configurations

The branched methyl groups in the phytanyl chains
of the archaebacteria have several effects on the stability
of the C-C rotamers (see e.g., Flory, 1969). The bar-
rier height associated with the eclipsed conformers is
increased. The trans configuration of an adjacent bond is
increased in energy to be comparable to that of a gauche
conformer in an unsubstituted chain. The energy of one
of the two gauche rotamers is increased, relative to that
in the unsubstituted chain, by a factor of two or more. For
the R-configuration of the methyl branches, the most sta-
ble configuration for the bonds flanking the substituted
C-atom is: g*t or tg—, as evidenced by the helical con-
figuration of crystalline polypropylene. The presence of
the methyl branches is therefore expected to increase the
gauche population.

The chains of the lipids associated with bacterio-
hodopsin in PDB file IBRR (Essen et al., 1998) have
a high proportion of gauche rotamers (35% =sc), con-
sistent with the expectation for phytanyl chains (see
Fig. 3D). The population of skew (Zac) conformers is
also relatively low. Not all gauche rotamers are asso-
ciated with the methyl-substituted C-atoms (i.e., B4,
Bs; Bs, Bo; P12, B13; Pie; and similarly for y), how-
ever, and the sense of the gauche rotation is not always
consistent with the enantiomeric configuration. (Note
that all of the PDB:1BRR lipids have the incorrect S-
configuration.) It is probable that steric interactions of
the branched methyl groups with the protein may also
tend to increase the population of gauche rotamers.
The other phytanyl-chain lipids associated with bacte-
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riorhodopsin (PDB:1C3W, 1QHJ and 1QMS; Luecke et
al., 1999; Belrhali et al., 1999; Takeda et al., 2000) have a
considerably higher population of the disallowed, skew
eclipsed conformations than do the PDB:1BRR lipids.
With the exception of the PDB:1C3W lipids, however,
they do also have a relatively high gauche population,
in line with expectation for methyl-branched chains.
The PDB:1QMS series of lipids have the correct R-
configuration for the branched methyl group. However,
only one out of six flanking gt/tg combinations (from a
total of 23) has the correct sense, viz., yg/y9=g*t. For
the PDB:1BRR lipid chains, the high gauche population
has associated with it neighbouring gauche pairs: four
gtg®, but also two sterically forbidden g*g~ combina-
tions (see Fig. 3D). The latter is not the case for the other
lipid series associated with bacteriorhodopsin, although
gtg® pairs are relatively abundant in the PDB:1QHJ
lipids.

5.4. Headgroup configuration

Of the various headgroup conformers in
Tables 3 and 4, only that for the B moiety of cardiolipin
associated with the Rb. sphaeroides photosynthetic
reaction centre (PDB:1QOV, 1M3X; McAuley et al.,
1999; Camara-Artigas et al., 2002) conforms com-
pletely to the configuration found in single crystals of
phospholipids. At the protein interface, the range of
polar group orientations and conformations is much
wider than in lamellar crystals of diacyl phospholipids
or in fluid phospholipid bilayer membranes (compare
Tables 3 and 4 with Table 2). In nearly all cases, the lipid
phosphate is anchored by hydrogen bonding to protein
residues. For all protein-associated phospholipids, with
the exception of one cardiolipin and one phosphatidyl-
glycerol associated with bovine cytochrome ¢ oxidase
(PDB:1V54, Tsukiharaetal.,2003), the o1 -torsion angle
is either ap or Fac, as found in phospholipid crystals.
Only eight headgroup structures have the energetically
most favourable ap/a3 =+sc/Esc configuration for the
phosphate diester, and a further 10 have the next most
favourable /a3 ==sc/ap configuration. Several of
the lipids have an energetically disfavoured eclipsed
conformation for the as-torsion angle (Tables 3 and 4).

One of the two distearoyl phosphatidylcholine
molecules associated with P. denitrificans cytochrome
¢ oxidase has the headgroup configuration found in
bilayer crystals, except that the C—C torsion angle a5
is in the energetically unfavourable —ac eclipsed con-
formation (see Table 3), because of interaction with
Asp 124(C). The headgroup configuration of the other
phosphatidylcholine molecule, by contrast, is very dif-

ferent. It extends away from the acyl chains, with all
torsion angles except o4 in the ap conformation, pre-
sumably because of steric and hydrophobic interac-
tions with the protein side chains. Thus, the phosphate
diester (o2/a3 =ap/ap) does not have the energetically
preferred 4sc/4sc configuration, but a5 is staggered
rather than eclipsed in this molecule. The headgroups
of the phosphatidylcholine molecules associated with
bovine cytochrome ¢ oxidase are also extended away
from the chains, although the conformers are largely
anticlinal rather than ap. Phosphatidylcholine associated
with the Rb. sphaeroides reaction centre, and also with
S. cerevisiae cytochrome c reductase, has one phosphate
diester torsion angle in the energetically unfavourable ac
conformation. Otherwise, the torsion angles conform to
those found in phospholipid crystals, but the headgroup
deviates somewhat from the fully bent-down orientation.
None of the four phosphatidylcholines associated with
the cytochrome bgf complex have the preferred £sc/+sc
configuration of the phosphate diester. The headgroups
of these lipids are extended away from the chains in two
cases, or are extended in a direction perpendicular to the
chains in the other two cases. All four lipids are located
in cavities at the dimer interface.

Phosphatidylethanolamine associated with the Th.
tepidum photosynthetic reaction centre has a headgroup
configuration that departs from the energetically pre-
ferred conformations. The torsion angle «; of the phos-
phate diester is —ac rather than +sc, and the s = +ac C-C
torsion angle is eclipsed. The headgroup is bent down
towards the chains with the N-atom hydrogen-bonded to
the backbone of Gly 256(M).

One of the two phosphatidylethanolamines associated
with S. cerevisiae cytochrome ¢ reductase has the second
most favourable (sc/ap) configuration for the phosphate
diester. The torsion angle og = —sc is gauche and that
of as=ac is eclipsed. This brings the headgroup N-
atom within hydrogen bonding distance of Glu 24(G).
The other resolved phosphatidylethanolamine, has an
ap =ac configuration, instead of —sc. Otherwise, tor-
sion angles are in the ranges found in phospholipid
crystals. For both phosphatidylethanolamine molecules,
the headgroup is directed away from the chains. Phos-
phatidylethanolamine associated with E. coli succinate
dehydrogenase has an ap/—sc configuration of the phos-
phate diester and torsion angles, otherwise, are those
found in phospholipid crystals. The headgroup is bent
down over the chains in a lipid-bilayer compatible con-
figuration.

The six phosphatidylethanolamines associated with
Rb. sphaeroides cytochrome c oxidase display a variety
of different headgroup configurations that are directed
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away from the chains, to a greater or lesser extent, in
different orientations. The torsion angles differ consid-
erably between the different molecules, and from those
in phospholipid crystals, although the «; torsion angle
is ap (with one exception), and predominantly the o4
torsion angle is also ap. None of the phosphate diester
torsion angles correspond to the energetically favourable
configurations. The phosphatidylethanolamines associ-
ated with bovine cytochrome ¢ oxidase also display
a variety of headgroup conformations. Two equivalent
headgroups are extended away from the chains and are
involved in H-bonding to the protein, whereas those of
the other two pairs are bent down, and one of these is
also involved in H-bond formation.

The three dipalmitoyl phosphatidylglycerol
molecules associated with photosystem I have an o; = ap
torsion angle as for phosphatidylcholine/ethanolamine
in bilayer crystals, rather than the ac conformation
found in crystals of dimyristoyl phosphatidylglycerol.
Also, the second torsion angle of the phosphate diester
is in the a3 =ap conformation, rather than the expected
+sc conformation (compare Tables 2 and 3). The o4
torsion angles of two of the phosphatidylglycerol
molecules are t-ac, as in the lipid crystals, whereas that
of the third is the allowed ap conformation. The a5 C-C
torsion angle of one phosphatidylglycerol has the ap
conformation as in the lipid crystal, that of another is
the staggered —sc conformer, whereas the remaining
one has an eclipsed conformer. The oxygen as0/0/¢60/0
torsion angles are +sc/+sc, —ac/—sc and ap/—ac for the
three molecules, respectively. Thus, two headgroups
have the natural 1-sn configuration, but the third has
the incorrect 3-sn-glycerol headgroup enantiomer. All
other non-archeal phosphatidylglycerol headgroups
are the correct 1-sn enantiomer with mean values
of as—as50/0 =+122 &+ 2° and ag—ago/0=—122+ 2°
(N=21).

Seven out of the 10 phosphatidylglycerol molecules
associated with spinach LHC II have a more extended
headgroup conformation than in bilayer crystals. The
concensus structure is: o] =ap, oz =ap, ®3 =ap, o4 =ap,
as=—sc and ag=+ac. The remaining three phos-
phatidylglycerol molecules have a different concensus
structure: a1 =ap, ap = —ac, a3 = —SC, 04 =ap, a5 = —ac
and o =+ac, that approximates somewhat more to the
bilayer configuration. The phosphatidylglycerols associ-
ated with bovine cytochrome ¢ oxidase display a variety
of headgroup conformations. With the exception of one
equivalent pair, the headgroups are directed away from
the hydrocarbon chains, to a greater or lesser extent.
Those of two pairs of equivalent molecules are involved
in hydrogen bonding to the protein.

The single diphytanyl phosphatidylglycerol and
diphytanyl phosphatidylglycerol phosphate molecules
associated with bacteriorhodopsin in the PDB:1QMS8
structure (Takeda et al., 2000) have headgroup config-
urations that bear no similarity to those in dimyristoyl
phosphatidylglycerol crystals (compare Tables 2 and 4).
Inboth molecules, the w5 C—C torsion angle is in the ener-
getically unfavourable +ac eclipsed conformation, and
neither have the energetically favourable +sc/+sc com-
bination for the a»/a3 torsion angles. The oxygen torsion
angles are os0/0/260/0 = —ac/—ac for both, correspond-
ing to the 3-sn-glycerol enantiomer, as expected for
phosphatidylglycerol and phosphatidylglycerol phos-
phate from archaea (Joo and Kates, 1969).

In the diphosphatidylglycerol molecule associated
with the Rb. sphaeroides reaction centre, the torsion
angle aso/0 is ap for the A phosphatidyl moiety and
+sc for the B phosphatidyl moiety. Thus, the head-
group glycerol is the sn-1 enantiomer with respect to
the A moiety and sn-3 enantiomer with respect to the B
moiety of the cardiolipin molecule. Otherwise, the head-
group configuration of the B-phosphatidyl moiety more
closely resembles that of DMPG A in lipid crystals (see
Tables 2 and 4). The ap/a3 = —sc/—sc combination for
the B-phosphodiester is energetically more favourable
than the +ac/—sc combination for the A phosphodi-
ester. For both A and B sections of the glycerol moiety:
a4 =ap and a5 =—sc. Of the other diphosphatidylglyc-
erol molecules, only the A moiety of one pair associated
with bovine cytochrome ¢ oxidase has the energeti-
cally favourable +sc/4sc configuration for the phos-
phate diester, and none have the next most favourable
ar/az = £sc/ap configuration. Otherwise, the cardiolipin
headgroup torsion angles conform mostly with those
found in phospholipid crystals, but with certain excep-
tions, which have an a5 =Fac eclipsed conformation.
The headgroup conformation of all cardiolipins in mem-
brane protein crystals is such that the chains of the two
diacyl moieties are roughly parallel, as required in a
bilayer membrane.

6. Conclusion

The lipids associated with integral proteins in crys-
tals have survived both the solubilisation and purifi-
cation processes, as well as crystallisation procedures.
Routinely, integral proteins solubilised in non-ionic
detergents retain part of the endogeneous lipid in the
protein-containing mixed micelles. Only after exhaus-
tive exchange against a large excess of exogeneous lipid
in a mild detergent such as cholate can all endoge-
neous lipids be replaced (Warren et al., 1974; Hesketh
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et al., 1976). In this way, for instance, it was possible
to replace the endogeneous cardiolipin that co-purifies
with cytochrome ¢ oxidase (Powell et al., 1985; Watts
et al., 1978), even though this mitochondria-specific
lipid is found in crystals of the purified bovine pro-
tein (see Table 3) and is able to enhance the activity of
the lipid-substituted enzyme (Abramovitch et al., 1990).
By contrast, NMR experiments with deuterated lipids
reveal that the major lipid population contacting the
protein exchanges rapidly with the fluid bilayer pool
(Oldfield, 1982; Bienvenue et al., 1982; Meier et al.,
1987; Seelig et al., 1982). Electron spin resonance exper-
iments with spin-labelled lipids put the off-rates for
exchange in the region of ca. 1-10 MHz, depending on
the affinity of the protein for a particular lipid (Marsh
and Horvéth, 1998). There are, therefore, grounds to
expect that the lipids that are resolved in protein crys-
tals might correspond to special structures that are not
necessarily representative of the overall population of
first-shell lipids at the protein interface. This interpre-
tation is supported by the occurrence of headgroup
configurations that differ widely from those in bilayer
membranes.

Examination of the locations of the lipids at the pro-
tein interface reveals certainly that some, but not all, of
the lipids in protein crystals are found in specialised sites.
For example, the six unique lipids resolved in crystals
of Rb. sphaeroides cytochrome ¢ oxidase are located at
well-defined positions, in a cleft formed by the two-helix
bundles of subunit III, or at the interface between subunit
IV and subunits I/III (Svensson-Ek et al., 2002). One pair
of cardiolipins associated with the bovine cytochrome ¢
oxidase dimer is trapped within the contact sites between
the two monomers. In yeast cytochrome ¢ reductase, one
of the phosphatidylethanolamines is located at the dimer
interface, and the phosphatidylinositol occupies a unique
interhelical position (Lange et al., 2001). On the other
hand, the several lipids resolved in crystals of bacteri-
orhodopsin are not trapped between helices or within
the protein, rather they are positioned around the protein
perimeter (Belrhali et al., 1999). Also, the cardiolipin
molecules that are resolved in the crystals of bacterial
reaction centres are located at the surface of the protein
(Fyfe et al., 2001), as are the cardiolipin and one phos-
phatidylethanolamine associated with yeast cytochrome
c reductase (Lange et al., 2001).

Stereochemical violations and the occurrence of ener-
getically disallowed rotamers for many lipid structures
in the PDB remain causes for concern. Whereas the lat-
ter could be indicative of conformational heterogeneity
(see also DePristo et al., 2004), incorrect enantiomeric
configurations point to deficiencies in the refinement

procedure that most probably result from the use of inad-
equate restraint libraries (Kleywegt et al., 2003).
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