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Identification and Characterization of Kink Motifs in
1-Palmitoyl-2-Oleoyl-Phosphatidyicholines: A Molecular Mechanics Study
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ABSTRACT As a cis carbon-carbon double bond (A) is introduced into the middle of an isolated all-trans hydrocarbon
chain, it can be shown by molecular graphics that this A-bond makes a bend of 130° in the chain axis, thus producing a
boomerang-like conformation. Such a bent structure, indeed, has been detected experimentally for oleic acid by x-ray crys-
taliography (Abrahamson and Ryderstedt-Nahringbaur, 1962). Membrane diacyl phospholipids are largely mixed-chain lipids
containing a saturated sn-1 acyl chain and an unsaturated sn-2 acyl chain. 1-Palmitoyl-2-oleoyl-phosphatidylcholine (POPC),
the most abundant phospholipid in animal cell membranes, is a typical example in which the sn-2 acyl chain is the acyl chain
of an oleic acid. However, this sn-2 acyl chain of POPC is unlikely to adopt a boomerang-like configuration in the gel-state
lipid bilayer due to the steric hindrance imposed by neighboring chains. Instead, it has been suggested that the oleate chain
in POPC is kinked in the shape of a crankshatt in the gel-state bilayer (Huang, 1977; Lagaly et al., 1977), because POPC
with such a kinked sn-2 acyl chain, which is denoted here as the secondary structural element or motif, can pack efficiently
against other neighboring phospholipids. In this communication, 16 different types of secondary structural elements or motifs
are derived for POPC at T < T, based on a single protocol guided by two-dimensional steric contour maps and computer-
based molecular graphics. After subjecting these derived molecular species to energy minimization using the molecular me-
chanics method, the number of the secondary structural motifs is reduced to 13 as a result of conformational degeneracy.
The structure and steric energy of each of the energy-minimized lipid rotomers are presented in this communication. Further-
more, these rotomers packed in small clusters are also simulated to mimic the lipid bilayer structure of 1-palmitoyl-2-oleoyl-

phosphatidyicholines at T< T,

INTRODUCTION

Phospholipids, quantitatively the most important lipids iso-
lated from biological membranes, consist of two parts: the
headgroup and the diglyceride moiety. The diglyceride moi-
ety usually contains two long hydrocarbon chains attached
via ester/ester, ester/ether, or ether/ether linkages to the car-
bon atoms 1 and 2 of the glycerol backbone, respectively.
The one linked to the glycerol carbon atom 1, the sn-1 chain,
is often a saturated hydrocarbon chain with repeated meth-
ylene units between 14 and 24, whereas the other, the sn-2
chain, is frequently an unsaturated hydrocarbon chain con-
taining cis carbon-carbon double bonds ranging from 1 to 6.

Synthetic phospholipids with two long polymethylene
chains such as dimyristoyl- and dipalmitoyl phosphatidyl-
cholines have been studied extensively over the years as
model membrane lipids (Huang, 1991). When these synthetic
phospholipids are dispersed in aqueous media at a concen-
tration greater than the critical micellar concentration, they
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tend to self-assemble into an organized supermolecular struc-
ture known as the liposome. After prolonged incubation of
the liposome at 0°C, all lipid molecules packed in the lipo-
some reach the equilibrium state. In this state, the long poly-
methylene chains of each lipid molecule adopt the minimum
potential energy conformation that corresponds to a fully
extended all-frans configuration. Upon heating to a charac-
teristic temperature, the polymethylene chains of each self-
assembled lipid molecule are “energized”; the packing of the
hydrocarbon chain will involve some general loosening but
will maintain the overall straight configuration. This ther-
mally induced loosening of the molecular packing is accom-
panied by a molar volume increase, arising mainly from the
trans—> gauche isomerizations of carbon-carbon single bonds
along the polymethylene chains within each lipid molecule.
However, to maintain even approximately the overall
straight chain configuration, the conformational disordering
process of trans—gauche isomerizations must be con-
strained and limited to certain coupled rotations. Of the vari-
ous coupled isomerizations, the sequential g*1g” and g 1g*
bonds, known as the 2g1 kink, are best characterized (Pech-
hold and Blassenbrey, 1967; 1970). Here g*, ¢, and g~ are the
gauche*, trans, and gauche™ conformation, respectively, of
a carbon-carbon single bond in a hydrocarbon chain. Using
the ball-and-stick molecular model, these three conforma-
tions can be conveniently recognized by looking down on the
chain axis of a segment of four methylene units [-C(1)H,-
C(2)H,-C(3)H,-C(4)H,-], in which C(1) and C(4) atoms are
aligned in an eclipsed position and at 12 on the clock face.
A rotation of 60° of C(3) atom around the C(2)-C(3) bond
in the clockwise direction, or a torsion angle of +60°, results
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in the formation of a g* conformation. A counterclockwise
rotation of 60°, or a torsion angle of ~60°, gives rise to a g~
conformation. Rotation of a torsion angle of either +180 or
-180° produces the ¢ conformation. If a g* bond and a g~
bond are simultaneously formed along an all-trans hydro-
carbon chain and they are separated by a ¢ bond, this coupled
g*tg” sequence will convert the fully extended hydrocarbon
chain into a two-segment chain. These two segments are
co-linear with each other. Geometrically, the hydrocarbon
chain is kinked in the shape of a crankshaft. Overall, the chain
length is shortened by 1.27 A but laterally expanded by 1.86
A. The sequence g*1g™ can be regarded as the sequence for
a secondary structural element or motif for hydrocarbon
chain. The occurrence of such a kinked motif in a closely
packed hydrocarbon chain is quite common (Lagaly, 1976;
Yeagle, 1993). Interestingly, the sequence g*zg~ of a satu-
rated lipid acyl chain has been implied to constitute a mobile
site in the bilayer interior to carry a water molecule across
the lipid bilayer (Traiible, 1971). In this paper, we denote the
hydrocarbon chain having a crankshaft-like topology as the
secondary structural element or motif and the local kinked
region as the crankshaft-like kink or simply kink.

In contrast to synthetic phospholipids described above,
naturally occurring phospholipids usually are mixed-chain
phospholipids containing one or more cis carbon-carbon
double bonds. 1-Palmitoyl-2-oleoyl-phosphatidylcholine
(POPC) is a typical example. The introduction of a cis
carbon-carbon double bond (A) into a hydrocarbon chain
enables the chain to adopt a large number of interconverting
conformations. This added conformational variability can fa-
cilitate, in turn, the formation of the secondary structural
elements, provided that the A-containing chain is packed in
an organized structure such as the gel-state lipid bilayer. Spe-
cifically, the sequence Atg™ (or g*tA) has been proposed to
form a crankshaft-like kink around the cis carbon-carbon
double bond in the sn-2 acyl chain of POPC (Huang, 1977).
This type of A-containing kink can generate adjustable hy-
drophobic pockets in the bilayer interior; moreover, the
pocket architecture has the proper geometric features to ac-
commodate nicely the two angular methyl groups of cho-
lesterol molecule protruding from the B-surface of the steroid
nucleus (Huang, 1977). The presence of A-containing kinks
in a lipid acyl chain, therefore, may have profound effects on
the lipid-lipid interactions in biological membranes.

Although A-containing kinks have been proposed to occur
in mixed-chain phospholipids such as 1-palmitoyl-2-oleoyl
phosphatidylcholine since 1977 (Huang, 1977), our current
knowledge about the various types of A-containing kinks and
their detail conformations in membrane mixed-chain lipids
is still scanty. This is largely because mixed-chain phos-
pholipids with an unsaturated acyl chain are notoriously dif-
ficult to crystallize and, hence, no x-ray crystallographic data
are available. However, the advance made recently in the
computer-based molecular mechanics together with the
availability of fast computers has made it possible to carry
out the lengthy molecular mechanics (MM) calculations and,
hence, the successful determinations of the conformations
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and energies of phospholipids packed in various states
(Vanderkooi, 1991; Nakata et al., 1992; Li et al., 1993). In
the absence of any crystal structural determination of phos-
pholipids with unsaturated acyl chains, we are compelled to
take the computer-based molecular mechanics calculations
as the next best approach in searching for the A-containing
kinks and in determining the conformation and energy of the
various secondary structural motifs in the gel-state phospho-
lipid bilayer.

In this communication, four basic groups of the secondary
structural elements obtained with POPC at T < T, are given.
Within each group, there are three or four types of
A-containing kinks. Most interestingly, one of the
A-containing kinks found by our MM calculations is virtually
indistinguishable from the energy-minimized kink derived
from the one found crystallographically in the oleate chain
of cholesteryl oleate at 123 K as determined by x-ray dif-
fraction (Gao and Craven, 1986). This complete agreement
lends strong support to the validity of our MM approach.

COMPUTATIONS

The software MM2 (Version 85), a molecular mechanics program originally
developed by Allinger (1977), was used to compute the atomic coordinates
and the steric energy of the energy-minimized structure of the diglyceride
moiety of the mixed-chain phospholipid, as described in our earlier work
(Li et al., 1993). In this program, the steric energy consists of the bond
stretching, bond-angle bending, torsional, bond dipole or atomic charge, van
der Waals, and bond stretch and angle bending cross terms. Of the various
terms, the van der Waals term, Ep,, plays the most important role in
determining the diglyceride moiety structure and the steric energy of the
lipid molecule. In the MM2 program, van der Waals interactions include
atoms with 14 vicinal and more relationships as described previously
(Li et al,, 1993).

In addition, the simulations of tetramers of lipid molecules in a box
surrounded by 26 replicas of image boxes by using periodic boundary con-
ditions were carried out with the software package HyperChem (Autodesk,
Sausalito, CA). The MM™* program of HyperChem was used occasionally
in this work as stated in the text. Furthermore, HyperChem was used to
display visually the three-dimensional structures of lipids by showing cal-
ligraphic or raster graphics and to align the lipid molecules into dimers or
tetramers prior to energy minimizations.

RESULTS AND DISCUSSION

The cis carbon-carbon double bond and its
effects on the hydrocarbon chain

A fragment of a long all-trans hydrocarbon chain contain-
ing a cis carbon-carbon double bond is shown in Fig. 1 A4,
illustrating the notations used here in numbering the car-
bon atoms and the associated torsion angles. The two ole-
finic carbon atoms linked by the cis carbon-carbon double
bond are designated as C; and C;, and the cis double bond
itself is denoted by A with a torsion angle of 0°. The tor-
sion angles of carbon-carbon single bonds preceding the C;
are designated as §,, where the subscript n is the number
of the carbon-carbon single bond counting away from C, as
shown in Fig. 1 A. Similarly, the torsion angles of carbon-
carbon single bonds succeeding C; are designated as ;.
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FIGURE 1 Structure of a cis carbon-carbon double bond within a segment
of a hydrocarbon chain. (A) The six-atom structural unit is diagrammatically
illustrated; the bond angles and bond distances within the planar six-atom
structural unit are also given. The torsion angles of all the carbon-carbon
single bonds are 180° (8, = 8, = & = §;, = 180°). (B) The same
structure as A, except that the §,-torsion angle is 0°.

Using the designations of 8, and 8,-angles just given, the
conformation of the chain segment shown in Fig. 1 A can then
be specified by 8, = 8; = 180°. This conformation shown
in Fig. 1 A is in fact under steric strain, because the C_;-
methylene and C;, -methylene carbons are in too close prox-
imity (3.09 A). Another example is illustrated in Fig. 1 B, in
which the 8, and 8] angles are 0° and 180°, respectively. In
this case, the spatial distance between the C,_,-methylene and
C,+-methylene carbons would be 2.62 A, which is consid-
erably less than the sum of the van der Waals radii of the
carbon atoms involved (3.80 A); consequently, this confor-
mation is disallowed sterically.

The cis carbon-carbon double bond is a rigid linkage ow-
ing to the presence of both o and 7 bonds between the two
olefinic carbon atoms. As a resul, rotation of C; and C; atoms
around the rigid linkage is prohibited energetically at the
physiological temperature, and the six atoms, C,_,, C-H,
C;-H, and C,,, surrounding the rigid linkage are fixed in a
common plane with relatively constant bond lengths and
bond angles as depicted in Fig. 1 A. Because of the planar
configuration, these six atoms constitute a basic structural
unit that is referred to here as the six-atom structural unit.
When a cis carbon-carbon double bond is introduced into a
long all-trans hydrocarbon chain, it exerts significant effects
on the conformation and dynamics of the long hydrocarbon
chain. Before we present the data, it is pertinent to discuss
first briefly the conformation and steric energy of an isolated
saturated hydrocarbon chain.

MM Calculations on 1-Palmitoyl-2-Oleoyl-Phosphatidylcholine
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Fig. 2 A shows the lowest-energy conformation of a satu-
rated hydrocarbon chain, n-dodecane, in which each meth-
ylene unit repeats at regular intervals and is arranged in con-
gruence with its neighboring methylene units along the chain
by a rotation of 180° about the carbon-carbon single bond
and a translation of 1.27 A along the common molecular axis.
This all-trans conformation is the most stable structure be-
cause the steric repulsion between the methylene units along
the chain axis is minimal. The potential (or steric) energy of
this all-trans conformation, obtained by MM calculations, is
7.29 kcal/mol. As carbon atom 7 or C(7) rotates progres-
sively from 180° to —180° around the single bond between
C(6) and C(7) atoms, the potential energy obtained from the
MM2 program shows a systematic change, resulting in three
potential energy maxima separated by three potential energy
minima (Fig. 3). The two minima at torsion angles of +65°
and -65° correspond to the conformations in which two car-
bon atoms linked to C(6) and C(7) atoms are gauche™ and
gauche™, respectively. The conformation of dodecane with a
g* bond at C(6)-C(7) position is illustrated in Fig. 2 B. The
potential energy profile, depicted in Fig. 3, also shows that
an energy barrier of 3.33 kcal/mol has to be overcome in
rotating the C(6)-C(7) bond in dodecane from the # to the g*
conformation; furthermore, the potential energy difference
between the # and the g* conformation is 0.92 kcal/mol.

When a cis carbon-carbon double bond is introduced into
n-dodecane between C(6) and C(7) atoms, the linear hydro-
carbon chain is changed to a bent configuration with an ob-
tuse angle of about 130° in the chain axis as indicated by the
computer graphics of cis dodecene-6 presented in Fig. 2 C.
Most interestingly, the bend at the double bond, when viewed
from the edge, bears a strong resemblance to the bend gen-
erated by a gauche* (or gauche™) bond in dodecane at the
corresponding position (Fig. 2 B). When viewed down the
hydrocarbon chain axis, however, the two segments sepa-
rated by the g* (or g7) bond in the dodecane rotamer can be
seen to orient at different directions, whereas the two seg-
ments separated by the cis double bond in cis dodecene-6 line
up along the chain axis to form a curved tandem.

|

(A) All-trans dodecane

(B) Dodecane with a C(6)-C(7) gauche bond

—_

(C) cis Dodecene-6

FIGURE 2 Computer-graphics representations of the structures of all-
trans dodecane (A), dodecane with a C(6)-C(7) gauche bond (B), and
cis dodecene-6 (C). The wire and sphere models are presented for each
structure.
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FIGURE 3 The steric energy changes arising from rotation of the C(6)-
C(7) bond of dodecane ([J), and from rotation of the C(4)-C(S) bond of cis
dodecene-6 (O). Calculations were executed with the force field Allinger
method using the MM2 program (Version 85). The unit for the energy
difference is kcal/mol as indicated.

In addition to bending the chain, the presence of a cis
carbon-carbon double bond in a hydrocarbon chain can con-
fer rotational flexibility upon the two carbon-carbon single
bonds in the six-atom structural unit. The torsion angles of
these two bonds are designated as 8, and & (Fig. 1). MM
calculations were performed to determine the potential en-
ergy of cis dodecene-6 as a function of §,-angle. In these MM
calculations, all other degrees of freedom were initially taken
as 180° (ie., 8, = &, = 180°) followed by flexible
geometry except that 8, = 180° as the study about the ro-
tational bond (8,-angle) was to traverse, using 5° increments,
a full (-180 to 180°) cycle. Results obtained with the rotator
about 8,-angle are also presented in Fig. 3. It is evident from
Fig. 3 that the energy profile is characterized by a very
broad peak ranging from —-60° to +60° and a much nar-
rower but considerably smaller peak centered at 180°
(Fig. 3). The maximal peak at 8, = 0° corresponds to the
energetically disallowed conformation of cis dodocene-6
shown in Fig. 1 B. In addition, two broad subsidiary
minima centered at §, = *110° are discernible. An energy
barrier of 1.11 kcal/mol to rotation of the carbon-carbon
single bond between the two energy minima is detected
(Fig. 3). This value is 2.22 kcal/mol less than the calcu-
lated energy barrier to rotation of the same carbon-carbon
single bond in an equivalent hydrocarbon chain without
the presence of a double bond. Our MM calculations thus
provide quantitative information indicating that the carbon-
carbon single bond adjacent to a rigid cis carbon-carbon
double bond is considerably more flexible in rotation than
the normal carbon-carbon single bond due to the smaller
energy barrier. It is worthwhile to point out that Fig. 3
shows two very broad potential energy wells over the &,
range of +85° to +140° and —85° to —140° for cis dode-
cene-6. This is of particular interest because the largest
difference in potential energy within the well is of the or-
der of 0.4 kcal/mol. The magnitude of this energy differ-
ence approximates the average kinetic energy of the ther-
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mal environment at -72°C (~RT), suggesting that the
carbon-carbon single bond adjacent to the double bond can
undergo angular oscillation over a wide range of rotational
angles as a consequence of thermal fluctuations. Based on
MM calculations, one can conclude that the two segments
of the hydrocarbon chain separated by the planar six-atom
structural unit can adopt a wide variety of stable configu-
rations at temperatures far below 0°C.

Potential-energy calculations and the
two-dimensional steric contour maps

As pointed out in the Introduction, the successive g*zg” and
g tg* bonds in a polymethylene chain are, respectively, well
established kink-forming sequences. These sequences are re-
garded here as the reference or template sequences in the
search for other kinks. For instance, computer graphics show
that the conformation of a gauche-rotamer derived from a
saturated hydrocarbon chain (Fig. 2 B) is remarkably similar,
in the X-Y plane, to that of a A-containing hydrocarbon chain
(Fig. 2 C). Consequently, if one of the two gauche bonds in
the reference sequence g*tg™, say, one on the left, is sub-
stituted by a A-bond, then the resulting new sequence, Atg",
may have the kink-forming propensity. However, the con-
formation of a gauche™ rotamer is not completely identical
to that of the A-containing hydrocarbon chain, especially
when viewed down the chain axis. Hence, the various torsion
angles associated with the sequence Atg™ need to be modified
somewhat to make it a truly kink-forming sequence. Given
the facts that the torsion angle of A is essentially fixed at 0°,
and that the carbon-carbon single bonds adjacent to a cis
carbon-carbon double bond are highly flexible, the adjust-
ments needed for the sequence Azg™ can be assigned to the
set of (87, 65)-angles with a more flexible 8;-angle. The next
step is then to guess a crude set of (8;, 8,)-angles in the Azg™
sequence which, to a first approximation, is able to convert
the unsaturated hydrocarbon chain into a crankshaft-like
chain. A more accurate set of (8;, 83)-values can then be
obtained from MM calculations based on the guessed values
of (8;, 85)-angles.

In an attempt to find an appropriate set of (8],
85)-torsion angles in the sequence Afg™ that can generate a
crankshaft-like kink and, at the same time, that this set of
torsion angles is in the sterically allowed region in the
(83, 8))-plane, MM calculations have been undertaken to
generate the two-dimensional steric contour (83, 85)-map for
the molecular structure of cis dodecene-6. In this approach,
the angles of 8; (=8,) and 8] (=3,) are each rotated in 15°
increments over a full cycle of 0° to 360°. Specifically, the
potential (or steric) energy of cis dodecene-6 with a fixed
&;-angle of 0° is computed as a function of 8;-angle, using
15° increments, in the range of —180° to 180°. After every
15°-bond rotation of 8;-angle, the molecular structure of cis
dodecene-6 is self-adjusted by a complete energy-
minimization at the particular 8;-angle. The steric energy of
each energy-minimized structure is then recorded. Move
8} to 15° and repeat the MM calculations again by rotating
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the 8;-angle, via the 15° increment, through 360°. Record
the energy-minimized steric energy again after each rota-
tional increment. When 8, has been advanced through 360°,
a total of 625 MM calculations with recorded steric energies
have been performed.

The results of steric energy calculations are presented in
the two-dimensional (8], 6;)-map given in Fig. 4 A. The

FIGURE 4 Steric contour maps for cis dodecene-6 resulting from rota-
tions of (8,,8,)-torsion angles (A), (8,5,)-torsion angles (B), and (§,,
8;)-torsion angles with a fixed 8, value of 73° (C). The energy contour zones
surrounding the minima (marked by +) are drawn at intervals of 0.5 kcal/
mol. The numbers on the contour lines correspond to the values of steric
energy in kcal/mol.
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steric energy contour zones are drawn at intervals of 0.5
kcal mol™ near the minima. The maxima can be seen to
occur at about (8; = -15° to 15°, &, = -30° to +30°),
(67 = -15° to 15°, 8, = 115° to 145°), and (8, = -15° to
15°, 8, = 115° to 130°), corresponding to three regions of
sterically disallowed domains. There are six distinct re-
gions on the (8], 8;)-map marked with + in which the po-
tential energies of cis dodecene-6 are minima; every two
minima at the same level of 6j-value are surrounded by
long shallow wells, indicating that there are large numbers
of sterically allowable regions. This is a manifestation of
the much greater conformational flexibility of the single
carbon-carbon bonds adjacent to the A-bond in the six-
atom structural unit.

Because we are interested in finding out the combinations
of (81, 8;)-angles in the sequence Azg™ that may generate the
crankshaft-like kink, cis dodecene-6 molecules with (8],
6;) values near the two potential energy minima with the
&,-angle of about —65° are examined by computer graphics.
Results indicate that cis dodecene-6 structures with sets of
8y = -90°, 8 = -75°), (8; = 120°, 8; = -70°) give rise to
bent conformations in which the two segments are bisected
by about 120° and 90°, respectively. In fact, any positive
8] angle in the energetically allowed range of 30° to 180° will
result in a bent conformation when it is introduced into the
sequence Atg~ with a fixed torsional angle of 5, = -65°.
Hence, these positive values of torsion angles are ruled out
as the appropriate torsional angles for the kink-forming se-
quence Azg™. If, on the other hand, a negative value of 8] is
taken from the broad ~90° to —165° range and is paired with
8, = -65° in the sequence Atg~, a crankshaft-like kink is
generally observed based on computer graphics.

Search for A-containing kink models in an
unsaturated sn-2 acyl chain in POPCs

The success of the combined application of steric-energy
contour (83, 87)-map and computer graphics in identifying
the Atg™ kink in cis dodecene-6 allows us to look for kink
models in the sn-2 acyl chain of POPCs at temperatures be-
low the phase transition temperature (7)) of the lipid as-
sembly. In this diacyl lipid molecule, the sn-1 acyl chain is
considered to be an all-trans linear chain at T < T, ; it may
impose steric hindrance and, hence, the energetic constraint
to the neighboring sn-2 acyl chain. Consequently, the al-
lowable sets of (8], 8;)-angles in the sn-2 acyl chain to form
the crankshaft-like kink may be severely restricted in com-
parison with those observed in an isolated cis dodecene-6
molecule.

The atomic coordinates of the equilibrium diglyceride
structure of C(14):C(14)PC in the gel-state bilayer reported
by Li et al. (1993) are taken as the starting reference points
to the deduction of the diglyceride moiety of POPC topolo-
gies packed in the gel-state bilayer at T < T,. The funda-
mental structure of the diglyceride moiety of POPC deduced
from the equilibrium structure of C(14):C(14)PC in the gel-
state bilayer is presented in Fig. 5, a and a’. In this case, the
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FIGURE 5 The computational screening of POPC structures with various
kink-forming sequences. These sequences were originally obtained from
isolated cis dodecene-6. (a) The deduced structure of the diglyceride moiety
of mixed-chain POPC with an all trans sn-2 acyl chain containing a cis
carbon-carbon double bond between C(9) and C(10) atoms. (a’) The same
deduced POPC structure as illustrated in @, except that the atoms are shown
as solid spheres of radius equal to the van der Waals radius. (b—d) The
diglyceride moieties of POPC in which the sn-2 acyl chains have different
sets of (8, 8;)-torsion angles as indicated.

sn-2 acyl chain of C(14):C(14)PC starting at C(3) atom is
replaced by an all-trans sixteen-carbon hydrocarbon chain
segment with a cis carbon-carbon double bond (torsion
angle = 0°) between C(9) and C(10) atoms. In addition,
the sn-1 acyl chain of C(14):C(14)PC is elongated by two
methylene units, each connected by two carbon-carbon
single bonds with torsion angles of 180°. Once the funda-
mental structure of the diglyceride moiety of POPC is de-
duced, it can then be used to incorporate individually the
various kink-forming sequences with different guessed sets
of torsion angles around the A-bond. It should be pointed
out that the sn-2 acyl chain of POPC shown in Fig. 5, a
and a’ has a bent configuration. The lower segment bends
downward from C(11) atom, projecting away from the
viewer toward the back of the paper plane.

In the previous section, we have mentioned that if a nega-
tive value of 8] is taken from the broad —90° to —165° region
of the two-dimensional (8], 83)-map shown in Fig. 4 A and
is then paired with 8] = -65° in the sequence Atg~, a
crankshaft-like kink is generally observed in the molecular
structure of cis dodecene-6. Based on these observations,
computer graphics analyses of four structures of POPCs,
constructed on the basis of four §;-values (-90°, -115°,
-140°, and -165°) and a fixed §}-value of —65°, are under-
taken. Examinations of the results shown in Fig. 5 b—e reveal
clearly that the sn-2 acyl chain with a set of (8; = -140°,
8, = ~65°)-torsion angles is the only one that can form a
crankshaft-like conformation without severe restrictions
from the neighboring sn-1 acyl chain. This set of (8; =
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-140°, 8 = —65°)-torsion angles is thus taken as the initial
crude or “guesstimate” atomic coordinates for our subse-
quent MM calculations in determining the refined structure
and the minimized energy of the kink-forming sequence
Atg™. The refinements of various kink-forming sequences are
discussed in a later section. It should be noted at this point,
however, that the guessed 8;-angle of —140° is more of a
skew (s) bond than a trans bond; hence, we designate the
derived kink-forming sequence as the sequence As™g™. In
fact, the sequence As g~ with a set of (8; = -140, 8, =
-65°)-torsion angles is virtually identical to the kink-forming
sequence first proposed for an unsaturated hydrocarbon
chain back in 1977 (Huang, 1977; Lagaley et al., 1977).
Consequently, we denote the kink generated by the sequence
g~ as the Type Ia or As™g™ kink.

In the process of deriving Type Ia A-containing kink, or
the As"g~ kink, the first step is to assume that the gauche*
bond in the template sequence g*tg~ is conformationally
similar to a cis carbon-carbon double bond (A), and from
which a sequence Atg™ is constructed as a precursor of a
possible kink. This process is summarized in Fig. 6 a—c. The
general protocol developed here in identifying the Type Ia
kink is also adopted to derive other types of kinks for POPC.
Fig. 6, a, b, and d depict an example in which the process
involved in generating a s*Azg™ kink is stepwise illustrated
as constructed with computer graphics. Fig. 6 a shows the
model structure of POPC having an all-trans sn-1 acyl chain
and a sn-2 acyl chain with the sequence zA#t around the
A-bond. This is a view in which the zigzag plane of the sn-1
acyl chain is topologically oriented to lie on the X-Y (or the
paper) plane. Fig. 6 b shows the same molecule after the
C(11)-C(12) carbon-carbon single bond in the sn-2 acyl
chain has undergone a trans— gauche™ rotational isomeriza-
tion. The generation of such a structure is based on the as-
sumption that the conformation of an unsaturated hydrocar-
bon chain with a sequence trAtg™ may roughly approximate
the topology of a corresponding saturated hydrocarbon chain
with a kink sequence of tg*1g”. Fig. 6 b indeed shows that
the rotation of the C(11)-C(12) bond to a g~ conformation
with a 8} value of —65° results in an upward movement of
the lower linear segment of the sn-2 acyl chain. Moreover,
this movement also causes the zigzag plane of the lower
linear segment of the sn-2 acyl chain to lie on the X-Y plane.
The next step involves the adjustment of the §,-angle so that
the sequence tAtg™ is substituted by the sequence s*Atg™.
This substituted sequence with a set of guessed (8, = +140°,
&, = -65°)-torsion angles transforms the sn-2 acyl chain into
a crankshaft-like topology as shown in Fig. 6 d. The kink in
this secondary structural element, called Type Ila or s*Atg™
kink, differs principally from Type Ia or As g~ kink in that
the torsion angle of the carbon-carbon single bond imme-
diately preceding, not succeeding, the A-bond has been ad-
justed as shown in Fig. 6 d.

If both the carbon-carbon single bonds adjacent to the
A-bond are adjusted, two additional kink-forming-sequences
can be generated as shown in Fig. 6 e and f. Similar to Type
Ia and IIa kink- forming sequences, these sequences s”As g~
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8,'=-65°
FIGURE 6 Four different types of the secondary
structural element arising from a common precursor se-
quence. The pathways from which the four kink-
forming sequences are being generated from a common
sequence are shown on the left, and their corresponding
structures are shown on the right. tAsg stAag
5, =-1400 §, =140°
5 =65 & 65"
SAsg +As+ g
8 =-140° &, =14ov
8, =-120° 5. —160°
8, =-65°

and s*As*g* are progressively derived from the sequence
tAtt in the sn-2 acyl chain of POPC via a common precursor
sequence tAzg™. The molecular motifs generated by the se-
quences s"As™g™ and s*As* g™ are called Type Ib (s"Asg")
and ITb (s* As*g") kinks, respectively. All together, these four
deduced kinks shown in Fig. 6 belong to Group I secondary
structural elements; hence, they are also named Group I
kinks. It should be emphasized that the various successive
steps formulated in Fig. 6 represent only the logical processes
with which Type I and Type II kinks may be derived indi-
vidually from a common precursor sequence. They do not
imply the actual pathways from which the various types of
crankshaft-like kinks may be generated in the lipid bilayer.

Once Group I kinks are set on stage, other groups of
crankshaft-like kink can be derived in a similar manner using
a different common precursor sequence for each of the other
groups as illustrated in Fig. 7. For instance, the common
precursor sequences for Group II and Group IV kinks are
g tAr and g tAt, respectively. They are derived on the basis
that a A-bond may substitute a g~ bond and a g* bond in the
template sequences g*tg™ and g71g*, respectively. Likewise,
after substituting a g~ bond by a A-bond in a template se-
quence of gtg*, the resulting sequence tArg* is subsequently
used as a common precursor to derive Group III kinks.

In all of the derived sequences shown in Fig. 7, initial
guesses must be made about the values of +8,(87)- and
+8,(85)-angles. Potential energy contour maps (Fig. 4 A-C)
together with computer graphics are served as a combined
guide in finding the guessed values of 8, (or 8}, usually
+140° or +120°), whereas the 8, (or 83)-angle is kept at a
fixed value (usually at or near a local minimum of *+65°).
These initial guessed values are presented in Table 1.

Energy-minimized conformations of A-containing
kinks in the diglyceride moiety of POPCs

With the combination of molecular mechanics calculations
and computer graphics, each of the refined conformations of
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Group I to Group IV kinks in the sn-2 acyl chain of POPC
can be obtained individually and recognized visually. Spe-
cifically, the refinement of the diglyceride moiety of POPCs
with guessed torsion angles (given in Table 1) has been car-
ried out with the MM2 force field method using the Version
85 program. The torsion angles of all the refined structures
together with their steric energies are presented in Table 1
under the guessed values. Here, the minimal energy confor-
mation of the diglyceride moiety of the mixed-chain lipid
with a given kink sequence in the sn-2 acyl chain is taken as
the computationally refined structure of POPC containing
that particular sequence.

Group . Group II:
tAn At
| |
tAtg ghtAr
tAsg  stArg gtstAr g'tAs
(l‘yp; In) mrpe‘ ) (I*/pe' IMa) (Typis Va)
SAsg s*Astg gsTAsT gtsAs
(ypel)  (Type ) (Type M) (Type VD)
Group III: Group IV:
tAn ttAt
{ {
tArg? gtAt
tAstgt sAg? gsAr gitAst
(TypsVa)  (Type VIa) (Typs VI) (Type VIls)

| { | |
stAs*gt sAsgt g5As gstAst
(Type V) (Type VIb) (Type VI) (Type VIDb)

FIGURE 7 The four basic groups of secondary structural elements
derived for the sn-2 acyl chains of POPC. Within each group, four types
of the secondary structural element can arise from a common precursor
sequence.
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TABLE 1 The various kink models and their crude estimated and energy-minimized torsion angles as detected in the sn-2 acyl

chain of 1-paimitoyl-2-oleoyl-phosphatidyicholine

CEV*

A E

$
Group Type Sequence EMV* 3, 8, (degrees) 5, 8, (kcal/mol)
I Ia tAs g~ CEV 180 180 0 -140 -65
EMV 176.0 -174.5 -0.6 -139.9 -73.1 22.8
Ib s"As g~ CEV 180 -140 0 -120 -65
EMV 177.0 -168.7 -0.4 -139.0 =73.1 229
IIa s*tAtg- CEV 180 140 0 180 -65
EMV 176.4 134.1 04 176.8 -65.0 243
b s*tAstg” CEV 180 135 0 160 -65
EMV 177.1 1334 04 155.6 -66.3 24.5
II Itla g¥stAr CEV 65 140 0 180 180
EMV 66.8 1414 0.2 173.5 178.9 23.2
IIIb gtstAs”t CEV 65 130 0 140 180
EMV 66.2 1340 -0.4 153.8 176.6 22.8
Iva g tAs” CEV 65 180 0 -120 180
EMV 64.1 173.0 0.5 -107.9 -177.0 22.8
IVb gts As™ CEV 65 -165 0 =120 180
EMV 64.6 1724 0.7 -110.1 -176.2 22.8
I Va tAs*g* CEV 180 180 0 140 65
EMV 177.6 169.1 0.0 141.9 67.1 231
Vb s*As*g* CEV 180 140 0 120 65
EMV 178.9 149.4 03 116.0 68.2 231
Via s~Atg* CEV 180 -140 0 180 65
EMV 176.5 -132.3 0.1 173.9 70.6 255
VIb s"As g”* CEV -180 -140 0 -165 65
EMV 171.4 -139.2 -0.9 -173.7 62.9 25.5
v Vila g s At CEV -65 -140 0 180 180
EMV =75 -147.9 -0.1 -178.5 178.5 242
VIIb g s As” CEV -69 -130 0 -130 180
EMV ~72.5 -124.7 0.4 -117.5 -175.8 239
Vllla g tAs* CEV -65 180 0 120 180
EMV -65.2 -175.5 0.8 117.5 -177.5 235
VIIIb g stAs*t CEV -65 180 0 140 180
EMV -64.2 152.7 0.5 99.0 173.8 235
Crystal oleate gtstAst CEV 70 123 0 127 180
EMV 68.5 131.8 -0.2 155.6 177.6 231

* CEV and EMV denote, respectively, the crude estimated and energy-minimized values of various torsion angles (8,, 8,, A, &}, 8;) as defined in

Fig. 1 A.

* The torsion angles given in CEV are taken from the crystallographic data of an oleate chain obtained with cholesteryl oleate in single crystals at 123 K

(Gao and Craven, 1986).

After energy minimizations, computer graphics-illustrated
structures of POPCs with Group I kinks are presented in
Fig. 8 (uppermost row). It is evident from Fig. 8, A and B that
the mixed-chain lipid molecules containing Type Ia and Ib
kinks are indistinguishable. In fact, all the torsion angles
around the A-bond for these two types of kinks are virtually
identical (Table 1), indicating that they are degenerate or
intrinsically of the same kind, not allowing any visual dis-
tinction. In each energy-minimized structure, the flat six-
atom structural unit and the zigzag plane of the upper seg-
ment of the sn-2 acyl chain are coplanar, and the two C-H
bonds of the olefinic carbons, on the X-Y (or the paper)
plane, point toward the viewer. It is interesting to note that
the olefinic C(9) and C(10) atoms are 3.87 and 3.70 A, re-
spectively, away from C(6) atom in the sn-1 acyl chain.
Moreover, C(11), C(13), C(15), and C(17) atoms of the sn-2
acyl chain fit optimally into the centers of the V-shaped
grooves formed by C(6)-C(8), C(8)-C(10), C(10)-C(12), and
C(12)-C(14) atoms, respectively, of the adjacent sn-1 acyl
chain with an averaged interatomic distance of 3.89 A. The
steric complementarity of the van der Waals contact surfaces

makes a major contribution to the overall stability of POPC
with Type Ia and Ib kinks.

The computationally refined conformations of POPCs
with Type Ila and IIb kinks are similar (Fig. 8, C and D), but
they are distinctively different from those with Type Ia and
Ib kinks. The planar six-atom structural unit in each Type II
kink is canted on the X-Y plane with the C(10)-end tilting
downward and the C(10)-H bond pointing somewhat out-
ward from the X-Y plane. This tilt is a bit more pronounced
for Type IIb kink, giving the lower segment of the sn-2 acyl
chain an overall wider separation distance from the adjacent
sn-1 acyl chain. For instance, C(11) atom of the sn-2 acyl
chain is 5.29 A away from C(6) atom of the sn-1 acyl chain
for Type Ila kink, and the same separation distance is in-
creased to 5.56 A for Type 1Ib kink.

Detailed MM calculations in combination with computer
graphics led to the deduction of the refined structures of the
diglyceride moieties of POPCs with Group II kinks when the
appropriate guessed torsion angles shown in Table 1 were
used. The results, illustrated in Fig. 8 E-H, indicate that two
particularly instructive features are common to all of the
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(A) POPC with Type Ia kink, (B) POPC with Type Ib kink, (C) POPC with Type Il kink, (D) POPC with Type IIb kink,
1Asg, E, = 22.8 keal/mol sAsg, E, = 22.9 keal/mol s*Atg’, E, = 24.3 keal/mol s*As*g, E, = 24.5 keal/mol

o T A T e

(H) POPC with Type IVb kink,
g'sAs’, E, 2= 22.8 kcal/mol

(E) POPC with Type Illa kink,
g*s*Ar, E, = 23.2 kcal/mol

(L) POPC with Type VIb kink,
sAsg*, E, = 25.5 keal/mol

(F) POPC with Type HIb kink,
g*s*as*, E, = 22.8 kcal/mol

(G) POPC with Type IVa kink,
g*1AS, E, = 22.8 keal/mol

(1) POPC with Type Va kink,
tAs*g*, E, = 23.1 keal/mol

(M) POPC with Type Vlla kink, (N) POPC with Type VIIb kink, (0) POPC with Type VIlla kink, (P) POPC with Type VIIIb kink
£g5°A1, E, = 24.2 keal/mol g¥As, E, = 23.9 keal/mol g1As*, E, = 23.5 kcal/mol gs'as*, E, = 23.3 keal/mol

(J) POPC with Type Vb kink,
s*as*g*, E, = 23.1 kcal/mol

(K) POPC with Type Vla kink,
sArg*, E, = 25.5 keal/mol
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FIGURE 8 The minimum energy structures of the diglyceride moieties of POPC with Groups I-IV secondary structural elements. These structures are

constructed based on the refined values of torsion angles given in Table 1, derived for POPC with various kink-forming sequences.

refined kinks: (1) the lower segment of the sn-2 acyl chain
lies in between the sn-1 acyl chain and the upper segment of
the sn-2 acyl chain; (2) each flat six-atom structural unit is
canted on the X-Y plane with C(10)-end of the flat plane
tipping upward and the C(10)-H bond pointing away from the
viewer. This latter feature appears to steer specifically the
lower linear segment of the sn-2 acyl chain to pack closer
against the adjacent sn-1 acyl chain, resulting in an ener-
getically favored van der Waals contact interaction between
the sn-1 and the sn-2 acyl chains.

In the case of Type Illa (or g*s* A¢) kink, the lower seg-
ment of the sn-2 acyl chain crosses the axis of the sn-1 acyl
chains at the methyl terminus (Fig. 8 E). This intersecting-
axis geometry, however, is eliminated in Type IIIb (or
g s*As™) kink. Instead, the zigzag planes of the two acyl
chains are nearly perpendicular to each other (Fig. 8 F). Type
IVa (or g*tAs™) and IVb (or g*s~As") kinks are degenerate
(Fig. 8, G and H). The lower segments of the sn-2 acyl chain
and the sn-1 acyl chain are in the closest van der Waals
contact; interestingly, the even-carbon atoms of the lower
sn-2 acyl chain protrude perfectly into the V-shaped grooves
of the sn-1 acyl chain, and the even-carbon atoms of the sn-1
acyl chain starting from C(6) atom are, in turn, inserted op-
timally into the V-shaped grooves of the sn-2 acyl chain with
an averaged interatomic distance of 3.85 A. This geometric
complementarity produces a tight intramolecular chain-chain
packing, resulting in one of the smallest steric energies
of 22.8 kcal/mol for all the energy-minimized structures
examined (Table 1).

The computationally refined structures of various Group
III kinks in the glyceride moieties of POPCs are shown in
Fig. 8 (second row from the bottom). A central feature of
Type Va (or As*g*) kink is that the large deviations in torsion
angles from 180° occur in those carbon-carbon single bonds
succeeding the A-bond. It is thus anticipated that, on the X-Y

plane, the six-atom structural unit and the zigzag plane of the
upper linear segment of the sn-2 acyl chain are most likely
to be coplanar and that the olefinic C(9)-H bond projects
outward at the viewer. These predicted structural features,
reminiscent of those encountered in Type Ia kink, are by and
large observed in the refined Type Va kink as shown in Fig.
8 I, except that the flat six-atom structural unit is a bit tilted.
Consequently, the lower segment of the sn-2 acyl chain is
packed against the adjacent sn-1 acyl chain at a somewhat
wider separation distance in comparison with Type Ia kink.
For instance, the interatomic distance between C(11) atom of
the sn-2 acyl chain and C(6) atom of the sn-1 acyl chain is
4.39 A, whereas the separation distance between the same
pair of carbon atoms in Type Ia kink is 3.91 A.

The minimum-energy conformation of Type Vb (or
sTAs*g") kink is illustrated in Fig. 8 J. In contrast to Type
Va kink, the lower segment of the sn-2 acyl chain in Type
Vb kink is a bit more tilted; consequently, the chain axis of
the lower segment of the sn-2 acyl chain and the long chain
axis of the sn-1 acyl chain are no longer parallel to each other.
In addition, the sequence s*As* g™ places the zigzag plane of
the lower segment of the sn-2 acyl chain approximately per-
pendicular to the zigzag plane of the sn-1 acyl chain rather
than parallel as seen in Type Va kink.

The refined structures of Type VIa (or s"Azg™) and Type
VIb (or sAs™g*) kinks are strikingly similar as shown in Fig.
8, K and L. The degeneracy of the two kinks is evident from
their torsion angles and steric energies given in Table 1. Each
six-atom structural unit is tilted with the C(10)-end tipping
upward against the adjacent sn-1 acyl chain and the C(9)-H
bond, on the X-Y plane, pointing toward the viewer. The
most unusual feature shared by Type VIa and VIb kinks is
that the upper segment of the sn-2 acyl chain and the initial
segment of the adjacent sn-1 acyl chain are at a separation
distance considerably greater than the sum of van der Waals
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radii of groups involved. For instance, C(4) atom of the sn-1
acyl chain and C(8) atom of the sn-2 acyl chain in Type VIa
and VIb kinks are separated by 4.75 and 4.50 A, respectively.
In contrast, a separation distance of 3.82 A is found between
the same pair of nonbonded carbons in the refined structure
of POPC-containing type Va kink (Fig. 8 I). For this reason,
the chain-chain van der Waals attractive force is relatively
weak in the upper region of the mixed-chain lipid with Type
VIa or Type VIb kink.

Fig. 8 M-P illustrate the fourth group of secondary struc-
tural elements consisting of energy-minimized structures of
Type Vlla, VIIb, VIlIa, and VIIIb kinks, respectively. These
four deduced structures share a common distinctive feature:
each flat six-atom structural unit is tilted somewhat on the
X-Y plane from the upper-left to the lower-right, with the two
C-H bonds typically pointing downward. This common to-
pology makes the planar six-atom structural unit appear as
a convex bulge. This bulge is most accentuated in Type VIIb
(or g7s"As") kink, in which the olefinic C(10) atom is 5.42
A away from C(6) atom of the sn-1 acyl chain. The separation
distances of the same nonbonded carbon-carbon pairs are
5.16,5.06, and 5.36 A in Type Vlla, VIlIa, and VIIIb kinks,
respectively. Although the prominent bulge in the sn-2 acyl
chain with Type VIIb kink can diminish considerably the van
der Waals attractive force between the six-atom structural
unit and the sn-1 acyl chain, the mutually perpendicular ori-
entation of the sn-1 and sn-2 acyl chains compensates the
energy loss somewhat; consequently, the overall steric en-
ergy of the diglyceride moiety of POPC with Type VIIb kink
(23.9 kcal/mol) is in between those calculated for Type VIla
(24.2 kcal/mol) and Type IIIb (23.3 kcal/mol) kinks.

Overall, Fig. 8 shows 16 molecular rotomers for POPC.
Conformational degeneracies are detected for pairs of (Type
Ia, Type Ib), (Type IVa, Type IVb), and (Type Vla, Type
VIb). It should be mentioned that each of the remaining 13
molecular rotomers should not be considered as a distinct,
rigid species. In fact, variations in torsion angles of +5° are
not uncommon within each type of the 13 crankshaft-like
kinks due to the great flexibility of 8,- and 8;-angles in the
sn-2 acyl chain. These variations may result in energy-
minimized structures with E_ values slightly greater than (=1
kcal/mol) those E_ values shown in Table 1. It should be
emphasize that the sn-1 acyl chain in each of the 16 rotomers
is in an all-trans conformation, reflecting that these rotomers
are in the gel state (T < T).

Comparison of oleate chain conformation in
cholesteryl oleate crystals with the calculated
oleate chain conformation in POPC

Unfortunately, no x-ray single-crystal structural analysis of
any mixed-chain phospholipid with an unsaturated sn-2 acyl
chain has yet been done; consequently, the various kink
models deduced by computer-based modeling method as de-
veloped in this study cannot be confirmed definitively by
experimental data. However, the structural data of an oleate
chain obtained with cholesteryl oleate at 123 K in single
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crystals are available (Gao and Craven, 1986); these crys-
tallographic data can provide insights into the molecular
structure of POPC packed in the highly ordered lipid bilayer
at T < T,,. Moreover, these structural data can be used in-
directly to test, but not to prove, the validity of our deduced
kink models.

Molecular mechanics together with computer graphics can
provide information about the conformational difference in
oleate chain between cholesteryl oleate and POPC. Specifi-
cally, molecular conformation of oleate chain established by
crystallographic data of cholesteryl oleate can be used as
starting geometry for the sn-2 acyl chain of POPC. This
structure containing the oleate chain of cholesteryl oleate is
thus first constructed. Energy minimization of this con-
structed structure is subsequently carried out. The sn-2 acyl
chain of the resulting structure can then be compared with
those containing various kink motifs developed for POPC as
shown in Fig. 8. This comparison is regarded as an indirect
test of the topology of the kink models developed in this
study.

Fig. 9 A shows the starting geometry of POPC constructed
on the basis of torsion angles for oleate chain in crystalline
cholesteryl oleate (Table 1) obtained at 123 K as reported by
Gao and Craven (1986). The planar six-atom structural unit
is seen to tilt upward with its C(10)-end directing toward the
sn-1 acyl chain, the lower zigzag segment of the sn-2 acyl
chain being perpendicular to the zigzag plane of the sn-1 acyl
chain. The interatomic distance between olefinic C(10) atom
and C(6) atom of the sn-1 acyl chain is so short (1.96 A) that
this initially constructed structure is sterically improbable. It
is thus anticipated that because of interchain overcrowding
the sn-1 acyl chain will force some adjustments of 8,- and
&,-angles, sufficient to move the lower segment of the sn-2
acyl chain to a nearby position of favorable interaction, dur-
ing the refinement process of energy minimization. The re-
fined structure is shown in Fig. 9 B, and the modified values
of torsion angles for the refined structure together with the
steric energy are summarized in Table 1 (bottom row). In this
computationally refined structure, the sn-1 acyl chain makes
many van der Waals contacts with the sn-2 acyl chain. For
example, the interatomic distance between olefinic C(10)
atom and C(6) atom of the sn-1 acyl chain is increased to 3.62
A, a favorable van der Waals interaction distance. Concomi-
tantly, the apparent chain length of the sn-2 acyl chain is
increased slightly from 19.26 to 19.50 A. These structural
rearrangements provide valuable information for under-
standing the influence of the all-zrans sn-1 acyl chain on the
formation of an appropriate kink along the sn-2 acyl chain
in a mixed-chain lipid. Most interestingly, this computation-
ally refined structure is remarkably similar to POPC with
Type IIIb kink (Figs. 8 F and 9 C) developed in earlier sec-
tions. In fact, the largest difference in torsion angle between
these two structures is only 2.3° for §,-angle (Table 1). This
striking similarity is unlikely to be a mere coincidence. In-
stead, it can be taken as strong evidence arguing in favor of
the validity of our molecular modeling approach to identify
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1.96 A

2.48 A

(A) POPC with torsion angles of the oleate chain
in cholesteryl oleate (Gao and Craven, 1986)

(C) POPC with Type IIIb kink

FIGURE 9 (A)Deduced POPC structure in which the sn-2 acyl chain has
the same conformation as the oleate chain of crystal cholesteryl oleate es-
tablished by x-ray crystallography. The chain-chain separation distance is
sterically disallowed in this case. (B) The energy-minimized structure of A.
The juxtaposition of the two acyl chains is clearly seen to be sterically
optimized. (C) POPC with Type IlIb kink. This deduced lipid structure has
an overall conformation that is indistinguishable from that of the energy-
minimized POPC structure derived from the oleate chain of cholesteryl
oleate as shown in B.

and to characterize A-containing kink models for mixed-
chain phospholipids at T < T,,. It should be stated that the
x-ray study of Gao and Craven results in a single structure
of oleate chain at 123 K with regard to molecular confor-
mations. However, many different conformations of oleate
chain may exist at higher temperatures for cholesteryl esters.
The 16 rotormers presented in Fig. 8 for POPC are suggested
for the lipid species packed in the highly ordered gel state of
the lipid bilayer. Because the T, value of the lipid bilayer
comprised of POPCs is -2.6°C (Huang, 1991), these rotorm-
ers are thus suggested to exist at temperatures below -2.6°C.

Packing geometries of tetrameric POPCs

In the foregoing section, one piece of structural evidence is
presented to demonstrate the validity of molecular modeling
approach in deriving the secondary structural motif of the
unsaturated sn-2 acyl chain in a monomeric POPCat T < T,.
All together, we have derived four possible groups of
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A-containing kinks, and the structure of each member of
these four groups is illustrated in Fig. 8. In this section, we
extend this work and to use monomeric POPCs with various
types of kink motif as bases to construct multiple tetramers
of POPCs. This assembly of multiple tetramers is viewed, to
a first approximation, as a simple model for the gel-state lipid
bilayer. Specifically, we attempt to seek answers to the fol-
lowing two questions. (1) To what extent will the confor-
mation of a A-containing kink exhibited by a monomer be
retained in the lipid assembly? (2) As the multiple tetramers
of mixed-chain lipid are assembled, the maximum binding
(or stabilization) energy of the assembly occurs when the
overall contact surface among the monomers is maximal.
Within a defined geometric or lattice arrangement of the
monomers, the overall contact surface among monomers de-
pends on the structure of the constituent monomeric species.
For instance, if there are constraints between the monomers
due to the presence of a specific type of A-containing kink,
these constraints will be reflected in the stabilization energy
of the assembly. We are interested to learn what is the av-
eraged stabilization energy of the lipid bilayer contributed by
the constituent monomeric species containing a defined type
of kink? Towards these ends, we have carried out a system-
atic study of the lipid assembly as described in the following
paragraphs.

In this study, we have first selected a representative kink
from each of the four groups shown in Figs. 7 and 8. Two
POPC molecules, each containing the same selected kink, are
arranged to form a partially interdigitated trans-bilayer dimer
according to the method described previously (Li et al.,
1993). After energy minimization, the dimers are consoli-
dated to form two types of tetramer: the front-to-back (F-B)
and the up-and-down (U-D) tetramers. In the F-B type, two
trans-bilayer dimers are staggered in the front-to-back ar-
rangement; in the U-D type, two frans-bilayer dimers are
aligned side-by-side and lie on a common plane (Li et al.,
1993). These tetrameric structures are subjected to energy
minimization, and their steric energies are recorded.

The energy-minimized structures of tetrameric POPCs
with Type Ia kink packed in the front-to-back (F-B) and
up-and-down (U-D) arrangements are shown in Fig. 10, A
and B, respectively. The values of torsion angles for various
bonds in the vicinity of the A-bond for these two forms of
tetramer are summarized in Table 2. The steric energy for
each of the tetramers is given under the corresponding
computer-generated illustration shown in Fig. 10 as well as
in Table 2. Interestingly, the torsion angles for Type Ia kink
in the two forms of tetramer are only slightly different from
those in the monomer (Table 2). In this case, the largest
deviation occurs at the §)-angle between the monomer and
one of the component monomers of the F-B tetramer, cor-
responding to a 8° reorientation of the C(11)-C(12) single
bond in the sn-2 acyl chain in the F-B tetramer. These com-
putational results thus indicate that the overall conformation
of the A-containing kink derived for monomeric POPC is
essentially retained in the tetramer. However, fine turnings
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(A) The front-to-back ( F-B ) packing mode:

oo .

EF® = 19.47 kcal/mol; AEF® = (Ef®-4E,)/4 = -17.91 keal/mol

(B) The up-and-down (U-D ) packing mode:

mm

EY° = 62.93 keal/mol; AE*® = (E’P4EL)/4 = -7.05 kcal/mol

(C) The front-to-back ( F-B ) packing mode in a box:

RN egs:E

E,"® = 17.59 keal/mol; AE,,F® = (E,,F*4E, )/4 =

-18.84 kcal/mol

FIGURE 10 The computer-generated figures for the energy-minimized
structures of the tetrameric POPC containing Type Ia kink. (A) Two pairs
of trans-bilayer dimers are arranged in a front-to-back packing mode. (B)
Two pairs of trans-bilayer dimers are arranged in an up-and-down packing
mode. (C) A tetramer model obtained by periodic boundary conditions. For
comparison purposes, the rectangular box is removed from this figure.

in the 8,- and 8;-torsion angles are always accompanied with
the monomer— tetramer aggregation.

With MM?2 program, the steric energies of the F-B and
U-D tetramers for POPCs with Type Ia kink are calculated
to be 19.47 and 62.93 kcal/mol, respectively. The steric en-
ergy of the most stabe monomer (E,,) is 22.78 kcal/mol. The
smaller EF® value of 19.47 kcal/mol for the F-B tetramer
indicates that the aggregate is stabilized strongly by the fa-
vorable intermolecular interactions among the monomers in
the front-to-back packing mode. The stabilization energy of
the F-B tetramer contributed by the monomer can be cal-
culated as follows: AEFB = (EFB - 4E_)/ 4 = - 17.91 kcal/
mol. Similarly, the stabilization energy of the U-D tetramer
contributed by each monomer is obtained as AEPP =
(EVP - 4E, )/4 = -7.05 kcal/mol. This smaller negative
value can be attributed primarily to the smaller contact sur-
face among monomers in the tetramer with a U-D packing
mode. The overall averaged stabilization energy for the tet-
ramer contributed by the monomer (2, AEAYE) is the sum of
AEFP and AE PP divided by 2, and this value is —12.48 kcal/
mol for the tetramer of POPC with Type Ia kink.

The overall averaged stabilization energies for POPCs
with representative kinks from other groups as contributed by
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their constituent monomeric species are also calculated, and
the results are summarized in Table 3. Of the four species
studied, the values of >, AEAVE varies from —11.56 kcal/mol
for Type Vb kink to —13.05 kcal/mol for Type VIIIa kink,
indicating that the energetic differences among the various
kinks in the tetramer are not significantly different. These
small energy differences can be used to estimate the relative
populations of these various species in the lipid assembly, if
the entropy contribution, to a first approximation, is ignored.
For instance, if the (— >, AEAVE) value of 13.05 kcal/mol
calculated for the mixed-chain lipid having Type VIIIa (or
g tAs™) kink is taken as the reference state, the relative popu-
lations, at 25°C, of the four lipid species listed in Table 3 can
be readily obtained using the Boltzmann distribution and
conservation of mass laws as follows: Type Ia kink, 15.26%;
Type IIIb, 33.55%; Type Vb, 2.87%; Type VIlia, 48.32%.
This simple estimation serves to demonstrate that the four
groups of A-containing kinks derived in this study can all be
present in appreciable quantities, at =10°C, in the gel-state
lipid bilayer consisting of mixed-chain phospholipids with
A-bonds. For comparison, the averaged stabilized energy of
the lipid bilayer contributed by a saturated mixed-chain lipid
species, and the same energy contributed by its rotamer with
a g*tg™ kink at the center of the sn-2 acyl chain are also listed
in Table 3. The relative populations of the saturated lipids
with and without the g*¢g™ kink in the bilayer at -10°C can
be calculated to be 0.02% and 99.98%, respectively, indi-
cating that the amount of the saturated lipid with the g*1g”
kink is extremely low in the gel-state lipid bilayer composed
of only saturated phospholipids.

Multiple tetramers simulated by periodic
boundary conditions

To check the validity of our averaged tetramer model as a
reasonable starting bilayer structure, an energy-minimized
assembly of tetrameric POPCs arranged in the front-to-back
motif is first placed in a rectangular box (35.0 X 30.8 X 56.1
A) in which the front-to-back interface between the two su-
perimposed trans-bilayer dimers lie in parallel to the Y-Z
plane of the box, and the long molecular axis is aligned along
the Z-axis. Three-dimensional periodic boundaries are then
employed to simulate the mutiple lipid-lipid interactions in
a large continuous system in which the original rectangular
box is surrounded by 26 identical replicas of image boxes.
Thus, the tetramer in the original box is periodically repli-
cated in all directions. Specifically, the F-B tetramer is in the
central cavity of three layers of rectangular boxes (33-1) in
a three-dimensional space. Consequently, each lipid molecu-
lar in the original rectangular box is surrounded by six neigh-
boring lipid molecules in the two-dimensional plane of the
lipid bilayer. The large system is then energy-minimized
using the MM* program in HyperChem. The various energy
terms for the energy-minimized POPC as a monomer (E,,,)
and as a tetramer in a large system with 26 neighboring boxes
(ETP) as calculated by the MM program in HyperChem are
recorded.
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TABLE 2 Comparisons of the torsion angles for POPC (with Type la kink) in the monomer with those in the tetramers
8, 5, A 8, 3, E,
Lipid Packing mode* Sequence (deg) (deg) (deg) (deg) (deg) (kcal/mol)
POPC monomer tAs~g~ 176.0 -174.5 -0.6 -139.9 -73.1 22.83
POPC F-B tAs g~ 179.3 -173.9 ~0.1 -1433 -81.5 1947
POPC U-D tAs g~ 175.6 -174.3 -1.1 -142.0 -76.7 62.93
POPC F-B,Box tAs g~ 168.2 174.2 =22 -134.6 -71.4 17.59

* F-B and U-D represent the front-to-back and up-and-down packing modes, respectively, of the tetramers, as illustrated in Fig. 10, A and B, respectively,
for 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) molecules. F-B,Box represents the tetramer in a box surrounded by 26-image neighboring boxes.

TABLE 3 Stabilization energies of tetrameric POPC containing different types of kink and of tetrameric C(16):C(18)PC* with and
without a g*tg~ kink

Lipid Sequence  E} E, EF®  EU®  —AEF® —AEPP S AEMNE  RPY (%) E., ETP —AETRB
POPC tAsg" 2283 4337 1947 6293 17.91 7.05 12.48 15.26 2329  17.59 18.84
POPC g's*As* 2278 4305 2067 5868  17.61 8.11 12.86 3355 2324 1717 18.95
POPC s*As*g* 2314 4337 2320 6644 1698 6.17 11.56 2.87 23.59 2445 17.13
POPC g tAs* 2348 4384 1661 6124  18.63 7.47 13.05 48.32 2388 1364  19.84
C(16):C(18)PC  all trans ~ 20.15  37.91 1.99  49.13 19.66 7.87 13.76 99.98 2061 -296 2135
C(16):C(18)PC gt 81 2332 4407 22.19 64.80 17.79 7.12 12.45 0.02 2376 1743 19.40

* C(16):C(18)PC. A saturated mixed-chain phospholipid, 1-palmitoyl-2-steroyl-phosphatidylcholine.

* The unit for all energy terms (E) is kcal/mol. E_, E,, and E, are steric energies for the monomeric, trans-bilayer dimeric, and tetrameric phospholipids,
respectively, calculated from MM?2(85) program of Allinger. E, , is the steric energy of monomeric phospholipids calculated from MM™ in HyperChem.
The superscripts F-B and U-D denote the front-to-back and up-and-down packing models, respectively; the subscript b represents the results obtained from
periodic boundary conditions; see text and Fig. 10 for the definitions of F-B and U-D packing modes. In calculations of the various AE values in columns
7-9 for POPC, the minimum E,, value of 22.78 kcal/mol was used throughout for all four sequences. In calculating the last column, however, the E, , of

23.24 kcal/mol was used for the four sequences of POPC.
$ RP is the relative population calculated from X, AEAVE,

The calculated energy terms (ELS and Ef;?) for POPCs
with representative kinks from the four groups shown in Fig.
8 together with the energy terms for saturated 1-palmitoyl-
2-stearoyl-phosphatidylcholine and its rotomer with a g*tg~
kink at the center of the sn-2 acyl chain are presented in Table
3. In addition, the stabilization energy of the F-B tetramer in
the large system with 26 neighboring boxes contributed by
the monomer, — AE;®, for each lipid species is also calcu-
lated and the results are also given in Table 3.

Clearly, the calculated values of the energy terms of
—AETE and — 3 AEAYE for the four rotomers of POPC
shown in Table 3 are different; however, these two sets of
data are parallel. Consequently, conclusions concerning the
mutiple lipid-lipid interactions drawn from either the aver-
aged tetramer model (— X, AEAVE) or the tetramer in a larger
system with 26 neighboring boxes (AE;?) are comparable,
suggesting that the averaged tetramer model is a reasonable
simple model for the gel-state lipid bilayer. It should be noted
that only the values of — >, AEAVE and — AET;® are parallel.
Other values such as AEF® and AEP™” shown in Table 3 are
not parallel to those of — AET:®; hence, tetramers with either
the front-to-back or the up-and-down motif alone are not
good models for the lipid bilayer. In conclusion, the averaged
tetramer model, which combines the front-to-back packing
motif with the up-and-down motif, reflects reasonably the
multiple lipid-lipid interactions on a relative basis in the gel-
state bilayer.

The energy-minimized structures of tetrameric POPCs
with Type Ia kink packed in a rectangular box surrounded by
26 exact replicas of image boxes are shown in Fig. 10 C. For

all four of the lipid species in the large system, the §,-,
81-, A-, 8,-, and 8}-angles have very similar values; more-
over, they are also very similar to the corresponding angles
calculated for the monomer before simulations by using pe-
riodic boundary conditions. The largest deviation in torsion
angle between the energy-minimized monomer and the lipid
species in the large system is 11.3°, observed for 8,-angle in
one of the four lipid structures as shown in Table 2. Basically,
the structures of various monomeric rotamers obtained by
MM calculations are virtually retained in the gel-state bilayer
model system.

CONCLUSIONS

In this communication, research has been confined to the
identification and characterization of the secondary struc-
tural elements or motifs for long hydrocarbon chains each
containing a cis carbon-carbon double bond. Specifically,
four groups of the secondary structural elements are derived
for the sn-2 acyl chain of a mixed-chain lipid, POPC, at T <
T using the computer graphics-assisted molecular mechan-
ics method. Within each group, four different types of kink
models can arise divergently from a common precursor se-
quence of the acyl chain.

A common structural feature shared by all sn-2 acyl
chains of POPC molecules containing different types of
A-containing kink structure is that the long acyl chain is
transformed into two shorter segments. The axes of the
two segments and the chain axis of the sn-1 acyl chain are
typically co-linear. These two shorter segments of the sn-2
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acyl chain are connected by a linker called the six-atom
structural unit. The six-atom structural unit is planar; it
consists of two olefinic carbon atoms and two pairs of car-
bon and hydrogen atoms. Rotations around the carbon-
carbon linkages in this six-atom structural unit are para-
doxical: the cis carbon-carbon double bond (A) is
essentially immobile, whereas the two carbon-carbon
single bonds adjacent to the A-bond are highly flexible. In
fact, it is the dynamic variations in these bond angles (3,
and 87) coupled with the neighboring gauche bond (8, or
6;) that facilitate the formation of various types of kink
structure in the lipid bilayer.

When POPCs are aggregated to form a closely-packed
multiple tetrameric assembly, this assembly is regarded here
as a simple model for the gel-state lipid bilayer. The averaged
stabilization energies of the lipid bilayers contributed by con-
stituent monomeric species containing various kink struc-
tures are compared. Results indicate that these calculated
energies are not significantly different, suggesting that the
four groups of the secondary structural motif derived in this
study can all be present in appreciable amounts in the lipid
bilayer at T < T,.

Finally, an inescapable conclusion is the formal recogni-
tion of the importance of the cis carbon-carbon double bond
(A) present in mixed-chain phospholipid molecules. From
the A-bond and other combinations of variables, the sec-
ondary structural motifs of lipid acyl chains can be generated
readily. Because of the A-bond, the sn-2 acyl chain of the
mixed chain lipid possesses the unique property of being able
to assume any one of the mutiple interconverting types of the
crankshaft-like kink.
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