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Abstract We used a molecular modeling approach to search
for a conformation of docosahexaenoic acid (DHA) that might
uniquely influence acyl chain packing in cell membranes. Studies
of DHA models containing six cis double bonds and five inter-
vening methylene groups identified two conformations of special
interest. Both had nearly straight chain axes formed by methyl-
ene carbon alignment. In one, the carbons of the six double
bonds projected outward from the methylene axis in two nearly
perpendicular planes to form an angle iron-shaped molecule. In
the other, the double-bond carbons projected outward from the
axis at nearly 90°-intervals to form a helix. Studies of packed
arrays of these hexaenes with or without saturated hydrocarbons
showed that tight intermolecular packing arrangements were
possible, particularly in the case of the angle iron-shaped mole-
cules. The planar surfaces of two or more such molecules could
be brought into contact “back to back,” while the interplanar “V
groove” of each molecule could come into close apposition with
a saturated chain. Because a similar mixed chain packing
arrangement was found also for 1,2 diacylglycerols, these results
raise the possibility that DHA may, in certain circumstances,
promote tight, regular acyl chain packing arrays in DHA-rich
membranes. — Applegate, K. R., and J. A. Glomset. Computer-
based modeling of the conformation and packing properties of
docosahexaenoic acid. J. Lipid Res. 1986. 27: 658-680.
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4,7,10,13,16,19-Docosahexaenoic acid (DHA) is one of a
group of fatty acids, found in animal cell membrane phos-
pholipids, that cannot be synthesized de novo by animal
cells (1). Animal cells form it, instead, from a plant-
derived precursor, alpha linolenic acid, by adding four
carbon atoms to the carboxyl end of the acyl chain and
introducing three new ¢is double bonds. Once formed,
DHA accumulates particularly in the phosphatidylethanol-
amine (PE) and phosphatidylserine (PS) of neuronal
membranes (2) and in the PE, PS, and phosphatidylcho-
line (PC) of retinal rod outer segment membranes (3). In
some species, including primates, it also accumulates in
the membranes of spermatozoa (4). Special mechanisms
may promote its accumulation in these membranes be-
cause its concentration in blood plasma is often quite low
(5), and because in mature animals either it or its plant-
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derived precursor must cross the blood-brain barrier or
blood-testis barrier to gain access to most neurons or
spermatozoa.

The fact that DHA accumulates in the membranes of
neurons, rod outer segments, and spermatozoa raises the
possibility that it may serve some special function in these
membranes. In the case of neurons this is suggested also
by the observation that the content of DHA in the PE of
gray matter is consistently high (approximately 20 to 30
mole % of total fatty acids) in 45 different animal species,
while corresponding values for the DHA of liver PE vary
over a wide range (6). Also suggestive is the fact that diet-
induced DHA deficiency in neonatal primates is accom-
panied by impaired visual function (7).

How a high content of DHA in membrane phospho-
lipids might influence membrane function remains to be
determined, though the presence of DHA might be pre-
sumed to affect intermolecular packing. In considering
this possibility, one question that arises is whether the six
cis double bonds of DHA favor a unique three-dimen-
sional chain conformation that has special significance.
This question cannot be answered at present because re-
search has provided little direct information about the
conformation of DHA in natural or artificial membranes
(3, 8). It seemed to us, therefore, that additional studies
of the conformation of DHA would be worthwhile, and
that an initial, computer-based molecular modeling ap-
proach might yield clues concerning DHA that could sug-
gest profitable directions for future experimentation. In
the study described below we used the PROPHET com-
puter system (9) with its associated molecular modeling
programs to study conformational determinants in dif-
ferent-sized segments of the DHA chain. In addition, we
studied the packing of individual polyunsaturated, mono-
unsaturated, and/or saturated chains in groups of two or
three, and examined the conformation of mixed diacyl-
glycerols containing both saturated and polyunsaturated

Abbreviations: PE, phosphatidylethanolamine; PC, phosphatidylcho-
line; PS, phosphatidylserine.
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fatty acid chains. We obtained results that emphasize the
potential importance of the methylene-interrupted cis
double-bond structure that is present in all naturally
occurring membrane polyunsaturated fatty acids. Our
results suggest further that a unique intermolecular pack-
ing arrangement may become possible when this struc-
tural element is repeated throughout the length of the
fatty acyl chain.

METHODS

Molecular modeling using the PROPHET computer
system

Molecular modeling and data manipulation were per-
formed on the PDP-10 computer of the National Institutes
of Health PROPHET system. PROPHET supports an
integrated package of software designed for molecular
modeling (10), which may be used to generate the atomic
coordinates of a three-dimensional molecular model hav-
ing approximately correct geometry for bond lengths and
angles and torsion angles. The model can be displayed on
a graphics terminal, and the display can be manipulated
to show the molecule from any viewpoint. In addition, the
molecular geometry can be modified by commands that
rotate portions of the molecule about single bonds. Other
commands allow measurement of distances and angles of
interest in the model. Finally, it is possible to generate
structures containing models of several molecules, and to
manipulate individual molecular components with respect
to one another.

The PL/PROPHET language (11), a subset of PL/I,
allows users to write applications programs. A full set of
molecular modeling commands is provided as part of the
language.

Optimization of molecular conformations

PROPHET contains an interface to the updated 1977
version of the MM2 molecular mechanics program de-
veloped by Allinger and coworkers (12-14). The general
validity of this program has been discussed (12). The
interface in PROPHET performs the details of coding a
standard molecular model in terms of the atom and bond
classifications used by MM2, writing the MM2 input file,
running the program, retrieving the MM2 output files,
and setting the model to the new minimum energy con-
formation (15, 16). MM2 attempts to relax all the internal
degrees of freedom in a molecular model, and to adjust it
to a minimum steric energy conformation by non-linear
least squares methods. Steric energy is defined as com-
prising all energy contributions (exclusive of electronic
bonding energies), such as those for bond stretching,
bending, and rotation, plus van der Waals forces, electro-
static, and dipole interactions. The zero point of steric

energy is defined for a fictitious molecule having all bond
lengths and angles set to their nonstrained equilibrium
values, and having no torsional or non-bonded interaction
energies.

Two limitations of the MM2 program have affected the
study reported here. First, a maximum of 100 atoms can
be used in a given calculation, thus precluding the study
of large arrays of molecules and requiring the use of trun-
cated acyl chains in some models. Second, parameters for
P and O atoms in phosphate are not yet available, so
phospholipid head groups cannot be modeled.

Estimation of steric energies for non-equilibrium
conformations

In order to permit rapid examination of the conforma-
tion-dependent variations of steric energy in a flexible
molecule, a program called ENCHECK was written in
the PL/PROPHET language. ENCHECK steps through
a set of conformations and evaluates the variable compo-
nent of the steric energy for each one. It permits specifica-
tion of a set of single bonds to be rotated in the model.
For each bond, the range of dihedral angles and operating
mode (random twists, random selection from a fixed set
of dihedral angles, or sequential stepping over a set of
dihedral angles) may be specified. The molecular seg-
ments between the rotated bonds are treated as rigid
structures. However, an initial calculation computes the
internal van der Waals energy of these segments, which is
thereafter added to the variable torsional and van der
Waals parts of the steric energy. ENCHECK uses the
same parameters and functions for the torsional and van
der Waals energies that are employed in MM2 (14).

Torsion angle conventions

All torsion angles (w) for bond rotation in the computer
models are designated according to the conventions of
Sundaralingam (17) and Hauser et al. (18). They are
defined in terms of the principal non-hydrogen substituent
atoms attached to the atoms that form the bond. The 0°C
reference angle corresponds to overlapping, or eclipsed
principal substituents as viewed along the bond axis (see,
for example, Fig. 3 in Hauser et al. (18)). Positive angles
correspond to clockwise rotations at the far end of the
bond. We adopt the commonly used nomenclature of ¢is
(w = 0°), gauche (w = 60°), skew (w = 120°), and trans
(@ = 180°), though one of the references cited (19) em-
ploys a notation in which the trans conformation is as-
signed an angle of 0° while cis is set at 180°.

Contour maps of steric energy for 1,4-pentadiene
and n-pentane

Maps of steric energy versus the torsion angles w3
and w4 about the central carbon atom 3 in each molecule
of 1,4-pentadiene or n-pentane (Fig. 1) were generated as
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Fig. 1. Steric energy maps contrasting (A) 1,4-pentadiene with (B)
n-pentane. The maps were generated as described in Methods. The
MM2 molecular mechanics program was first used to optimize the
molecules at all their distinct local energy minima (Table 1). Program
ENCHECK then varied central torsion angles w3 and w4 (as defined in
Table 1) in 10-degree increments over restricted ranges centered on the
various minima. Data for these subranges were then combined, and the
PROPHET program CONTOUR was called to produce the energy
maps. Energy ranges in kcal/mole are shown by shaded contour levels.
For B, note that the lowest energy values (<3 kcal/mole) correspond to
shaded areas that are so narrow that they are barely visible at the
extreme corners of the figure.

follows. Local minimum-energy molecular conformations
identified by MM2 were used as the starting point for
ENCHECK calculations of steric energy over a range of
neighboring nonequilibrium conformations. This allowed
a more accurate representation of the internal bond
lengths and angles in each neighborhood than an averaged

660  Journal of Lipid Research Volume 27, 1986

geometry would have provided. Energies for conformations
lying on the boundaries between two or more such regions
were found to vary by as much as 0.5 kcal depending
on the starting conformation used. These values were
averaged using a weighting procedure as follows. Weight-
ing factors were calculated as the inverse square of the
vector distance [A¢, AY] between that conformation and
the local minimum-energy conformation used to generate
it. This weighting method produced smooth joins between
the regions. Together with appropriate symmetry consid-
erations, it allowed the construction of steric energy con-
tour maps such as shown in Fig. 1 to an accuracy of a few
tenths of a kcal per mole over the entire 360° ranges of w3
and w4 torsion angles. The maps were generated with the
public program CONTOUR available in PROPHET (20).

Initial surveys of intermolecular packing interactions

Another PL/PROPHET program, EMAPMM, was
written to allow rapid calculation of the intermolecular
van der Waals energy for a large number of relative orien-
tations of two molecules. EMAPMM allows the user to
define various sequences of translation and rotation of the
two molecules with respect to one another. The energy of
interaction is computed for each step in the sequence.
Each molecule is assumed to have a rigid conformation,
and its internal steric energy is omitted from the calcula-
tion. EMAPMM uses the same van der Waals energy
functions and parameters as MM2 does (14). The energy
curves of Fig. 7 were calculated with EMAPMM.

Calculation of packing energies

Packed arrays of hydrocarbons were created by combin-
ing models of MM2-optimized individual components in
a PROPHET multimolecule structure. After the compo-
nents were positioned in the desired starting orientations,
coordinates were transferred to a disjoint pseudo-molecular
structure that could be submitted to MM2 for further
optimization. For packings of two molecules, 19-carbon
hexaenes (Al 4, 7, 10, 13, 16), 16-carbon saturated chains,
and 16-carbon monoenes (A9) were used. For packings of
three molecules, the chains were truncated to 13-carbon
tetraenes (Al, 4, 7, 10), 10-carbon saturated chains, and
11-carbon monoenes (A5). Raw packing energies were
calculated as the difference between MM2 steric energies
for the packed array and the separate components. Studies
had shown that MM2 energies were a linear function of
chain length for single saturated chains, polyunsaturated
angle iron conformations, and combinations of these in
arrays of two packed molecules. Thus, it seemed justified
for purposes of comparison to perform a linear extrapola-
tion of all packing energies to the energy expected if all
chains had a common length of 20 A. Finally, optimum
packing energies were quite similar if expressed as average
energy per pair-wise molecular interaction. This latter
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quantity was approximated by dividing the normalized
packing energy by (m — 1) where m was the number of
packed molecules.

Space-filling views of molecules

Program SPMOL, an updated version of existing
PROPHET public program (21), was used to generate
views of molecules similar to those that could be con-
structed from Corey-Pauling-Koltun (CPK) models.
MM2 van der Waals radii were used (14), and methods of
input were devised to allow SPMOL to recognize MM2
atom classifications.

Molecular cross-sectional areas

PL/PROPHET program MOLXSECTTON was written
to allow calculation of cross-sectional areas of molecules.
A numerical integration of the area was accomplished by
finding the intersections of a test vector with the atoms as
the vector was moved in small steps across the molecule
in the plane of the cross section. At each step, the total
length of the vector contained within atoms of the mole-
cule was multiplied by the transverse step size and added
to the total area. A step size of 0.05 A was adequate to
yield cross-sectional areas in A? accurate to two decimal
places. Cross-sectional areas could be calculated either for
thin slices through the molecule or for projections of the
entire molecule onto an arbitrary plane. MM2 van der
Waals radii were used in all calculations (14).

RESULTS

Studies of propene and 1,4-pentadiene

In DHA, as in other polyunsaturated fatty acids, pairs
of adjacent cis double bonds are separated from one
another by a single methylene carbon. DHA is unusual,
however, because its six double bonds and five intervening
methylene carbons form a regular structure that extends
through most of the acyl chain. This structure can be
visualized as a succession of directly linked, propene-like
segments or as a sequence of overlapping, 1,4-pentadiene-
like segments:

| 1

We constructed models of propene and 1,4-pentadiene,
then used MM2 to refine the models and identify low-
energy conformations. The MM2 refinements agreed
with published experimental studies (19, 22-25) and
modeling studies (19, 26, 27) in predicting that the torsion
angle for a carbon-carbon single bond adjacent to a
double bond is + 118°, i.e, close to the skew (120°) confor-
mation rather than the gauche (60°) or trans (180°) confor-
mation (results shown for 1,4-pentadiene in Table 1). In
contrast, an MM2 refinement of n-pentane, done for
comparison, yielded torsion angle values that were very
close to the trans conformation (Table 1). A contour map
of energy versus the two torsion angles for the carbon-
carbon single bonds in 1,4-pentadiene revealed that the
minima centered on the skew conformations were rather
broad (Fig. 1A). These minima contrasted sharply with
the very localized minima at the gauche and trans confor-
mations of n-pentane (Fig. 1B). Furthermore, torsional
energy barriers along pathways between conformations
were 2 to 3 kcal lower in 1,4-pentadiene than they were in
n-pentane.

The minimum energy conformations obtained for 1,4-
pentadiene were of special interest for geometric reasons.
When both carbon-carbon single bonds were rotated in
the same direction by either +118° or -118°, the double
bond planes were positioned essentially at a right angle
with respect to one another, and the double-bond direc-
tions were parallel (Fig. 2A). This conformation was
unique. It was possible to generate a continuous series of
paired bond rotations about the methylene carbon that
yielded perpendicular double-bond planes (Fig. 3). Within
the series, however, the double-bond directions were
aligned in parallel only for paired rotations of +118° with
+118° (skew+, skew+) or -118° with -118° (skew-,
skew ).

A conformation that had similarly low energy but a
very different shape was obtained when one carbon-carbon
single bond in 1,4-pentadiene was rotated by +118° and
its neighbor was rotated by -118°, i.e., in the opposite
direction. In this skew + , skew— conformation the double-
bond planes intersected at a dihedral angle of 120°, and
the double-bond directions were nearly perpendicular to
one another (Fig. 2B).

r . ) L - L Il A — ~—d 1
CH,;CH,CH=CHCH,CH=CHCH,CH=CHCH,CH=CHCH,CH=CHCH,CH=CHCH,CH,CO,H
repeating unit: -CH,CH=CH-

1 1

I L I 1 ] L
CH;CH,CH =CHCH2ICH =CHCH,CH =CH]CH2(3{ =CHCH,CH =CHICHzCH =CHCH,CH,CO,H

1 T
repeating unit: -CH=CHCH,CH=CH-

In initial molecular modeling studies we therefore focused
attention on these segments in an effort to identify deter-
minants that might affect the conformation of the com-
plete DHA chain.

Because the results obtained for these two low-energy
conformations generally agreed with published data ob-
tained by direct experimentation and by modeling (Table
2), they provided a measure of the validity of the molecu-
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TABLE 1.

Geometry and steric energies for conformations of 1,4-pentadiene and n-pentane optimized by MM2

1,4-Pentadiene Conformers

n-Pentane Conformers

Skew + Skew + Skew + Trans Trans Gauche + Gauche +
Molecular Parameters Skew + Skew — Cis Trans Gauche + Gauche + Gauche ~
Torsion angles (degrees)
w2 .04 .05 .11 179.83 179.46 174.69 169.68
w3 117.83 118.00 114.79 179.93 175.41 60.03 79.55
wé 118.13 -118.30 -11.55 179.87 64.78 60.01 ~77.78
w5 .04 - .04 .54 179.99 174.62 174.71  -169.08
Steric energy terms (kcal/mole)
Bond bending and stretching .39 .35 .79 .68 1.02 1.47 2.20
Torsional 10 12 .29 .0t .46 .80 1.62
Van der Waals non-bonded 1.51 1.60 1.82 2.13 2.24 2.58 2.58
Total steric energy 2.00 2.07 2.90 2.82 3.72 4.86 6.40
Contribution to equilibrium mixture
(percent)® 43 + 38 + 19+ 50 + 44+ 6+ 0.2¢

Designations of the conformers shown in the table are based on the torsion angle conventions described in Methods.
Torsion angles w,, ws, wy, ws follow the subscript notation of Go and Scheraga (35): w; is defined by atoms
H-C,-C,-C;, w3 by C-C,-C;3-Cy, ws by C3-C;3~Cy-Cs, and ws by C3-C,-Cs-H.

‘Computed from the Bolzmann probability factor: P; =
energy of a given conformation, R = gas constant = 1.9872 x 107 kcal/mole-degree K, T = absolute tempera-
ture, assumed = 273°K, and w; is the weighting factor for the number of degenerate conformations.

lar modeling programs used. Furthermore, they empha-
sized the importance of the 1,4-pentadiene-like structure
as a determinant of the conformation of polyunsaturated
fatty acids, and showed, in particular, that multiple cis
double bonds in a polyenoic fatty acid need not cause
sharp axial bends in the main chain axis.

Conformations of a2 19-carbon, hexaenoic hydrocarbon
chain

To determine how a sequence of 1,4-pentadiene-like
segments might affect the conformation of a hexaenoic
molecule such as DHA, we generated a 19-carbon model
of DHA that lacked the carboxyl group and the two suc-
ceeding methylenes of the fatty acid, but included both
the polyunsaturated portion and the terminal ethyl group.
In this hydrocarbon the five methylene carbons that indi-
vidually separated the six ¢is double bonds all initially had
torsion angles of +118°, whereas the two terminal carbon-
carbon bonds had torsion angles of -90° and 180°.
MM?2 computations for small polyunsaturated molecules
containing terminal alkyl groups had revealed that a
terminal ethyl group that immediately follows a typical
polyenoic sequence of double bonds uniquely shows an
optimum sequence of torsion angles corresponding to

+ 90° and 180° (data not shown). Longer terminal alkyl
chains showed the + 120° skew angle, followed by 180°
trans angles.

We used the ENCHECK program to set systematically
each of the 10 torsion angles associated with the five inter-
vening methylenes at either +118° or -118°, while keep-
ing constant the torsion angles associated with the two
terminal carbons. ENCHECK generated all 1024 possible
conformations and computed the combined torsional and
van der Waals energies for each one.
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wiexp( — Ei/kT)/w;L exp(E;/kT) where E; is the steric

The energy distribution of about 70% of the conforma-
tions fell within the relatively narrow range of 24.5 to 36
kcal/mol as shown in Fig. 4, while the energies of the
remaining conformations ranged from 36 to 13,800 kcal.
Those conformations at the very low end of the energy
spectrum showed a “hairpin” bend in the hydrocarbon
chain that favored van der Waals associations between
hydrogen atoms at the opposite ends of the chain (see
Fig. 5). The “hairpin” bend was caused by torsion angle
sequences such as —118°, +118° and +118°, -118° at
two successive methylene carbons, where -118°, +118°
and +118°, -118° each refer to torsion angles at two
single, carbon-carbon bonds involving a central methyl-
ene carbon. Refinement of the lowest energy “hairpin” by
MM2 led only to a slight change in the conformation (not
shown), but decreased the steric energy by about 13.2
kcal. A similar “hairpin”-shaped conformation was found
in a computer modeling study of arachidonic acid (28).

Conformations whose energy fell approximately within
the range of 25 to 27 kcal/mole also had bent hydrocarbon
chains (not shown), which were associated with torsion
angle sequences of +118°, -118° and/or -118°, +118°.
In contrast, conformations of only slightly higher energy
had extended hydrocarbon chains and torsion angle se-
quences of only +118°, +118° and/or -118°, -118°.
When all ten torsion angles had the same sign, the result
was a helical conformation such as that indicated by one
of the arrows in Fig. 4 and shown in detail in Fig. 6A.
The five methylene carbon atoms intervening between the
double bonds defined a straight central axis. The double
bonds were parallel to the axis, while successive double-
bond planes containing the axis were rotated by 90° steps
and formed a helix about the axis. Because the repeat
length of the helix corresponded to four double bonds, the
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Fig. 2. Spatial orientation of double bond planes and double bond
directions in stable conformations of 1,4-pentadiene. A. The skew, skew
form, characterized by values of +118°,+118° or —118°,-118° for torsion
angles w3 and w4 about the central methylene (see Methods and Table 1
for torsion angle conventions). Bond and torsion angles are defined
according to the notation of Go and Scheraga (35). Each 6, refers to 180°
minus the C-C-C bond angle at atom i, while each w, is the torsion an-
gle about the bond between atoms i-1 and i. Bond angle supplements de-
termined for MM2 minimized models are 6, = 6, = 180°-123.9°, 6,
= 180°-110.0°. Also, carbon-carbon bond lengths are 1.32 A for double
bonds and 1.54 A for single bonds. B. The skew + , skew— form (values of
+118°,-118° for torsion angles w3 and wy).

planes of double bonds 1 and 5 were essentially aligned as
were those of double bonds 2 and 6. The steric energy of
the helix, calculated by ENCHECK, was about 3 kcal/
mole higher than that of the “hairpin shaped” conforma-
tion shown in Fig. 5. Refinement of the helix by MM2

decreased the steric energy by 12.6 kcal and also decreased
the helical pitch. Because all ten torsion angles decreased
to 104°, the repeat length of the helix decreased to 3.3
double bonds, and double bonds 1 and 4 became roughly
coplanar as did double bonds 2 and 5 (not shown). Helical
conformations of DHA have been postulated by Stubbs
and Smith (8) and by Dratz and Deese (3).

Another type of extended conformation, also indicated
by an arrow in Fig. 4, was shaped like an angle iron (Fig.
6B). It was generated when pairs of 118° torsion angles
associated with successive intervening methylene carbons
showed the following alternating sequence or its mirror
image: +118°, +118°; -118°, -118°; +118°, +118°;
—118°, —118°, +118°, +118°. As in the case of the heli-
cal conformation, the five intervening methylene carbons
defined a straight-chain axis and the double bonds were
parallel to it. However, successive double-bond planes
projected outward from the axis in two, rather than in
four, different directions. Double bonds 1, 3, and 5 formed
one plane, while double bonds 2, 4, and 6 formed a second
plane perpendicular to the first. This “angle iron-shaped”
conformation was a simple extension of the conformation
of 1,4-pentadiene shown in Fig. 2A, and had a total steric
energy very close to that of the helical conformation.
Refinement of the angle iron-shaped hexaene by MM2
decreased the steric energy by 12.1 kcal and led to a slight
curve in the methylene axis (not shown). Based on the
crystal structure of linoleic acid, Ernst, Sheldrick, and

360

300
S Angle between
g bond planes
= 240+ 90°
3<r Deviation

from parallel

W 1801 orientation
g S—
F- 2 I, o/ N N (o 10°
z 1204 X, NL_ [ - 20°
o
z
O 60+

T T T T .
0 60 120 180 240 300 360
TORSION ANGLE (.03 (deg)

Fig. 3. Unique geometric criteria defining an extended conformation
of 1,4-pentadiene. Simultaneous solution of equations for ¢, the dihedral
angle between double-bond planes, and 3, the angle between double-
bond vectors as functions of torsion angles w3 and w4. (See Appendix I
for development of the equations from the formalism of Go and Scheraga
(35).) The sinusoidal lines indicate pairs of torsion angles about the
methylene group that yield a 90° dihedral angle between double-bond
planes. The circular regions surround the two torsion angles that
uniquely yield parallel double-bond vectors (see Fig. 2A). These torsion
angles, w3 = w, = +118° or -118°, as indicated by the exact intersection
of the sinusoidal curves with the center of the circular regions, agree
closely with the MM2 minimum energy conformations presented in
Table 1.
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TABLE 2.  Steric energies of 1,4-pentadiene obtained in the present study
and two other studies

Steric Energy

Gallinella Schurinck
This and and
Conformer Study’ Cadioli® de Jong*
kcal/mole
1. Skew +, skew + 2.00 2.00 2.00
2. Skew +, skew - 2.07 1.86 2.21
3. Skew +, cis(-) 2.90 1.58
4. Skew + , gauche + 3.88 4.62 5.34
5. Skew +, gauche - 3.43 3.42 4.96
6. Skew +, trans 3.64 3.82 5.02
7. Trans, trans 6.10 5.33 6.67
8. Gauche +, gauche + 5.30 7.90 8.31
9. Gauche +, gauche - 8.60 13.47 9.26
10. Gauche + , trans 5.50 5.39 7.32
11. Cis, gauche + 5.80
12. Cis, trans 10.00 10.15
13. Cis, cs 223.00

Values reported by other workers were recalculated in units of kcal/mole
if necessary, and rescaled so that the energies for the most stable skew, skew
conformer coincided at 2.0 kcal/mole. Note that the other studies em-
ployed fixed bond lengths and angles in a rigid geometry for their quantum
mechanical calculation, whereas MM2 permitted these parameters to vary.

“Relative to hypothetical unstrained state with no non-bonded inter-
actions.

*Data from reference 19.

‘Data from reference 27.

Fuhrhop (25) postulated an angle iron-shaped conforma-
tion for the polyenoic segments of linolenic and arachi-
donic acids.

Additional extended conformations (not shown), in
which segments of helix and angle iron were combined,
had energies close to those of the homogeneous extended
conformations. In contrast, conformations at the very
high end of the energy spectrum, ie., >50 kcal/mole, were
characterized by bends that caused intramolecular colli-
sions. The bends in these cases were created by torsion
angle sequences of +118°, -118° or -118°, +118° at
multiple methylene carbons. The highest energy confor-
mation consisted entirely of these sequences.

Our studies of isolated hexaenoic hydrocarbon chains
thus identified several potentially interesting conforma-
tions. The hairpin-shaped conformations seemed of in-
terest because they had the lowest total steric energy. This
raised the possibility that isolated molecules of DHA
might tend to be hairpin-shaped. The two homogeneous
extended conformations were of special interest because it
seemed likely that they would be favored in condensed
monolayers and bilayers. We therefore focussed attention
on them in a series of studies of the packing properties of
hexaenoic hydrocarbon chains.

Interchain packing of angle iron-shaped hexaenes

To examine the packing of the extended hexaenes we
first performed detailed studies of model, angle iron-
shaped polyenes in which we sought to identify preferred
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packing arrangements for groups of two or three such
molecules. In addition, because neuronal phospholipids
that contain a DHA chain typically also contain a satu-
rated chain, we studied the interactions of angle iron-
shaped polyenes with saturated molecules. EMAPMM
identified packing arrangements of low intermolecular
van der Waals energy that could be used as starting points
for refinement by the MM2 program. Fig. 7A defines the
coordinate system for a typical EMAPMM survey using
two 17-carbon hexaenoic hydrocarbons in the angle-iron
conformation. Figs. 7B-7D show the intermolecular
energy variations for successive one-dimensional traverses
parallel to the three coordinate axes in the neighborhood
of one local minimum energy position (corresponding to
Fig. 7A). Similar traverses or energy evaluations on a
Cartesian grid pattern helped to identify other low-energy
regions, as did search patterns involving rotation or radial
motion of one molecule about a second molecule, or rota-
tion of a molecule about its own axes.

Two low-energy packings for identical angle iron-shaped
hexaenes so identified formed the basis for the MM2
refinements shown in Fig. 8. Note that 19-carbon hexaenes
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Fig. 4. Energy distribution for conformations of an isolated, 19
carbon hexaene. A computer model of all cts CH,; =CH-CH,(CH=
CHCH,)sCH,CHj; was constructed based on the MM2 minimum
energy geometries found for the skew+ , skew+ and skew+, skew - con-
formations of 1,4-pentadiene (Fig. 2; Table 1). Bond lengths and angles
that had been found for the two 1,4-pentadiene conformations were
averaged, particularly to remove asymmetries involving the methylene
carbons. The average values were then used to construct a hybrid
hexaene that would not favor one combination of 118° torsion angles over
another. The terminal ethyl group of the hexaene was modeled from the
MM2 geometry obtained for 1,4-heptadiene. The ENCHECK program
was used to generate all possible combinations of +118° or —118° torsion
angles at the ten, single carbon-carbon bonds separating the six double
bonds. The histogram shows the distribution of the sum of van der Waals
and torsional conformational energies for the lower 70% of the con-
formations. The low energy “hairpin” conformation of Fig. 5 and the
extended “angle iron” and helical conformations of Fig. 6 are indicated
specifically.
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Fig. 5. The “hairpin” conformation of lowest energy for an isolated
hexaenoic hydrocarbon, as determined by the ENCHECK calculations
used to generate the histogram of Fig. 4. The sequence of signs for the
118° torsion angle rotations was - -, -—, -+, +—, —+. The con-
formation was refined subsequently using MM2. In it, as in other
“hairpin” conformations, a skew+, skew-, skew-, skew+ sequence of
double bonds creates two 90° bends (see Fig. 3B) which together cause
the chain to fold back on itself. A. View showing full “hairpin” bend. B.
Side view. C-sp® carbons of the double bonds are indicated by dark
shading, other carbons by light shading. Hydrogens are unshaded.

were used for these refinements to include the two satu-
rated carbons at the DHA chain terminus. In the first
packing arrangement (Fig. 8A), one angle iron-shaped
hexaene was rotated by 180° with respect to the second
one and paired “back-to-back” with it so that opposing
planes of double bonds made contact. The side view
shows that double bonds 1, 3 and 5 from each of the con-
tacting planes were aligned with one another, as would be
predicted from the identified minimum shown in Fig. 7D.
The double-bond carbons that contributed to the contact-
ing planes were oriented in opposite directions in an “anti-
parallel” arrangement, which prevented steric interference
between the methylene hydrogens of the two hexaenes and
allowed the methylene hydrogens of one hexaene to inter-
act favorably with the hydrogens of the double-bond car-
bons of the other hexaene. The energy and cross-sectional
area calculated for this refined packing arrangement are
shown in Fig. 9, packing 1.

The “stairstep” packing arrangement of three angle
iron-shaped tetraenes shown in Fig. 10A is a simple
extension of the “back-to-back” packing arrangement in
Fig. 8A. Data for this packing arrangement are shown in
Fig. 9, packing 4. Note that the packing energy per
interacting pair of molecules, scaled for a common length
of 20 A, remained in the same range of -12 to

—13.5 kcal when the number of polyenes was increased
from two to three.

In the second low-energy packing arrangement of two
identical angle iron-shaped hexaenes, identified by the
approach shown in Fig. 7, the interplanar “V grooves” of
the two hexaenes faced one another, and the opposing
double bonds were interleaved (Fig. 8B). In this “edge-to-
edge” packing arrangement, the double bond hydrogens
of the two polyenes came into close apposition. The
energy and cross-sectional area values (Fig. 9, packing 2)
were similar to those obtained for the “back-to-back”
packing arrangement. Both arrangements were very com-
pact and involved little conformational distortion.

Somewhat less effective packing occurred in other ar-
rangements, such as one (Fig. 9, packing 3) in which the
double-bond planes of two identical angle iron-shaped
hexaenes were aligned “back-to-back,” but with the double-
bond carbons oriented in the same direction. In this case
steric interference between methylene hydrogens on the
two molecules was associated with a packing energy of
only —11.9 kcal, about 1 kcal higher than the values for
the two optimum conformations.

Less effective packing also occurred between angle
iron-shaped hexaenes that were mirror images of one
another (not shown). Two such hexaenes could be aligned
“back-to-back” in a packing arrangement analogous to
that shown in Fig. 9, packing 1 to yield a cross-sectional
area of 28.35 A? per molecule. However, the packing
energy was —11.39 kcal/mole as compared with -13.19
kcal/mole for the arrangement of identical hexaenes. Two
angle iron-shaped hexaenes that were mirror images could
also be aligned in an “edge-to-edge” arrangement analo-
gous to that shown in Fig. 9, packing 2. However, inter-
leaving of the double bonds of the two molecules was not
possible because the opposing double bonds occupied
comparable positions in each chain. The cross-sectional
area was therefore larger than that of paired identical
hexaenes (26.90 A? per molecule as compared with 25.77
A? per molecule), and the packing energy was higher
(-11.49 kcal/mole as compared with -12.88 kcal/mole).

When we studied the interaction of angle iron-shaped
hexaenes with saturated hydrocarbons, we found again
that compact, low-energy packing was possible with mini-
mal distortion. Two low-energy packing arrangements
could be identified for an angle iron-shaped 19-carbon
hexaene and an all-trans, 16-carbon saturated chain. In
one (Fig. 9, packing 5), the broad side of the saturated
chain was packed diagonally across the “V groove” of the
hexaene. This packing arrangement optimized contacts
between hydrogens of the six double-bond carbons of the
hexaenoic chain and methylene hydrogens of the saturated
chain and led to a low cross-sectional area. In the second
packing arrangement (Fig. 9, packing 6), the saturated
chain was packed next to the external face of one plane of
double bonds of the angle iron-shaped hexaene. MM2
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Fig. 6. Extended conformations of hexaenoic 19 carbon chains. Hexaenes generated as described in Fig. 4 are shown. A. A helical structure that
results when all ten bond rotations about the five methylene carbons separating the double bonds are set to skew twists of the same sign (e.g., +118°).
B. An angle iron-shaped structure resulting from reversal of the signs of successive pairs of skew twists at the five methylene carbons separating the
six double bonds (i.e., the sign sequence ++, ——, ++, ——, + + ). In both part A and part B, 1 is a longitudinal view in a plane defined by three of

opposite ends of the molecules. The left part of 3 is from the carbon-1 end, while the right part is from the ethyl terminus. Carbons and hydrogens

are indicated as in Fig. 5.

rotated the molecules slightly about their long axes to re-
lieve repulsion between methylene hydrogens on the two
chains. Both types of packing arrangement showed a pack-
ing energy of about -13.3 kcal/mole, which is similar to
that found for the optimum packing arrangements of two
hexaenoic chains. Other lengthwise packings in which the
saturated chain was packed diagonally across the external
methylene hydrogens of the hexaene (Fig. 9, packing 7),
or in which the narrow side of the saturated chain was
packed diagonally across the groove of the hexaene (Fig.
9, packing 8), had higher energies because the hydrogen
contacts were not quite so good.

We also studied a variety of mixed packings of three
chains using models of identical short, angle iron-shaped
polyenes and saturated hydrocarbons. One of these pack-
ings (Fig. 9, packing 9; Fig. 10B) combined the back-to-
back, antiparallel arrangement of two hexaenes with the
“V groove” packing arrangement of a hexaene and a satu-
rated chain. The average packing energy per pair of inter-
acting molecules lay in the same -12 to —13.5 kcal/mole
range as was found for three polyunsaturated chains.

These studies of angle iron-shaped polyenes thus pro-
vided evidence that the angle-iron conformation is com-
patible with close packing arrangements involving both
hexaenoic and saturated hydrocarbon chains. More im-
portantly, they showed that optimal packing of two angle

666 Journal of Lipid Research Volume 27, 1986

iron-shaped hexaenes does not preclude optimal packing
of these hexaenes with additional angle iron-shaped
hexaenes and with saturated chains. Packings 4 and 9 in
Fig. 9, in particular, raised the possibility that equal
numbers of angle iron-shaped hexaenes and saturated
molecules may tend to pack in a “stairstep” arrangement
in which the hexaenes are aligned “back-to-back” and
the “V groove” of each hexaene interacts with a saturated
chain.

Interchain packing of helical hexaenes

We next sought to determine whether helical hexaenes
pack equally well. The geometry of these hexaenes pre-
cludes “back-to-back” packing arrangements such as those
formed by angle iron-shaped hexaenes. However, it seemed
possible that helical hexaenes might form “edge-to-edge”
packing arrangements, so we studied this type of packing
in some detail. Furthermore, we examined the packing of
helices that had first been minimized by MM2 and thus
had torsion angles of 104°, and we also examined the
packing of helices that had torsion angles of 118°. Several
optimized packing arrangements involving such helices
are shown in Fig. 11.

The most energetically stable packing arrangement for
two identical helices was an interleaved arrangement of
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Fig. 7. Variation of the van der Waals intermolecular energy between two angle iron-shaped, 17 carbon hexaenes in the neighborhood of an optimum

were moved relative to one another without altering the internal bond geometry. Successive searches along the x, y, and z axes were used to locate
a local minimum energy packing, in this case a “back-to-back” arrangement of the angle iron conformations. A. Relative orientations of the molecules.
Coordinate axes are defined relative to molecule 1 (left). The origin is located at the first methylene carbon (C-3); the z axis passes through all five
methylene carbons. The plane corresponding to double bonds 2, 4, and 6 contains the negative x axis, while the positive y axis lies in the plane of
double bonds 1, 3, and 5. The axis formed by the methylene carbons of molecule 2 (right) is parallel to the z axis. Molecule 2 has been rotated 180°
about its own long axis. The planes formed by double bonds 1, 3, and 5 in each molecule are maintained parallel to one another. Direction vectors

of all double bonds are approximately parallel to the z axis. B. Intermolecular van der Waals energy versus translation in x, fory = 1.28 A, and
z = 0.00 A, respectively. Energies were evaluated using the EMAPMM program (see Methods). The curve closely resembles the nonbonded potential
for a single pair of atoms. C. Intermolecular van der Waals energy versus translation in y, for x = 3.67 A, and z = 0.00 A. The high point between
local minima is caused by interaction of methylene hydrogens. D. Intermolecular van der Waals energy versus translation in z, for x = 3.67 A, and
y = 167 A The minimum occurs at z = 0.00 A, the position where opposing sets of double bonds parallel to the y-z plane are in exact alignment.

helices that had torsion angles of 104° (Fig. 11, packing 1
and Fig. 12A). It had a packing energy (~13.07 kcal/mole)
over 2 kcal/mole lower than that of a similar arrangement
of two 118° torsion angle helices (-10.68 kcal/mole) and
nearly as low as the —13.25 kcal/mole found for the com-
parable interleaved “edge-to-edge” packing of angle iron-
shaped hexaenes. This low energy was a consequence of
the geometry of 104° torsion angle helices. Only two
double bonds (bonds 1 and 4) were missing from the lines
of contact for these helices, whereas the comparable ar-

rangement of 118° helices (not shown) had three missing
double bonds (bonds 1, 4, and 5). In addition, several
methylene hydrogens in the 104° torsion angle helices
substituted for the missing double-bond interactions.
Packings obtained for pairs of mirror-image helices
showed non-interleaved “edge-to-edge” contacts and were
less favorable than those obtained for identical helices.
Even so, the packing energy of an arrangement of two
104° torsion angle helices (Fig. 11, packing 2) was once
again lower than that of a comparable arrangement of two
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Fig. 8. Minimum energy packings of two angle iron-shaped, 19 carbon
hexaenes. Space-filling views were generated using program SPMOL.
Model hexaenes similar to that shown in Fig. 6B were used for the pack-
ings shown in both A and B. Cross sections are shown above; longitudi-
nal sections are shown below. A. “Back-to-back” packing. B. “Edge-to-
edge” packing. Note that vinyl hydrogens of bonds 1, 3, and 5 of one
chain have close van der Waals contacts with vinyl hydrogens of bonds
2, 4 and 6 of the other chain, and vice versa. Carbons and hydrogens
are indicated as in Fig. 5.

118° torsion angle helices (Fig. 11, packing 3).

Though two identical, 104° torsion angle helices could
effectively use four pairs of their double bonds in an inter-
leaved “edge-to-edge” packing, this left only two double
bonds on the distal face of each helix available for packing
with an additional helical chain. In contrast, a comparable
packing arrangement of two 118° torsion angle helices
used three pairs of double bonds and left three double
bonds on each distal face available for packing with addi-
tional chains. Thus, 118° torsion angle helices were geo-
metrically more suited for multiple chain packing arrange-
ments than were 104° torsion angle helices. We therefore
used 118° torsion angle helices in studies of “edge-to-edge”
packings of three helices. To further optimize initial inter-
chain contacts it was necessary to use a central helical
chain that was a mirror image of the two neighboring
chains. An interleaved arrangement of this type (Fig. 11,

668  Journal of Lipid Research Volume 27, 1986

packing 6 and Fig. 12C) had a packing energy of -10.27
kcal/mole, about 2 kcal/mole higher than that of three
packed angle iron-shaped chains. Moreover, little distor-
tion of the chains occurred, so the “edge-to-edge” contacts
remained optimal. As anticipated, packing arrangements
of three helices that had non-interleaved double-bond
contacts (Fig. 11, packings 4 and 5) showed still higher
packing energies. In addition, they showed chain distor-
tion from the original 118° torsion angle conformation.

In studies of the packing of a helical hexaene with a
saturated hydrocarbon, we again used helices that had
118° torsion angles. This allowed us to study packing
arrangements that resembled the “V groove” packings of
an angle iron-shaped hexaene and a saturated chain
shown in Fig. 9, packings 5 and 8. Little distortion of
either the helical chain or the saturated chain occurred in
these packing arrangements (Fig. 11, packings 7 and 8),
and the packing energies were 1.5 to 2 kcal/mole higher
than for comparable packings of angle iron-shaped chains
and saturated chains. The difference depended in part on
fewer contacts of double bonds in the helix with the
saturated chain. An arrangement similar to that shown in
Fig. 11, packing 7, but involving a 104° torsion angle
helix, yielded a minimum energy packing (not shown)
with a packing energy nearly equal to that found for an
angle iron-shaped chain and a saturated chain. However,
during refinement, MM2 distorted the helix by shifting
double-bond segments away from regions of contact with
the saturated chain to create a “V groove”

Thus, a helical hexaene paired with a second helix or
a saturated chain could achieve low energy packing
arrangements comparable with those achieved by angle
iron-shaped hexaenes. However, packings of three helices
required steric compromises that led to packing energies
that were considerably higher than those observed for
angle iron-shaped polyenes. The same compromises
would be expected to affect the packing of saturated
chains with an array of helices, and only half as many
double bonds would be available to interact with the
saturated chains as for a comparable packing with angle
iron-shaped polyenes. The results of these studies of angle
iron-shaped hexaenes and helical hexaenes therefore
suggest that in mixed arrays of saturated and polyenoic
chains the potential of the angle iron-shaped conforma-
tion for promoting regular interchain packing arrange-
ments of low packing energy may be considerably greater
than that of the helical conformation.

Other interchain packing arrangements

To provide comparison data for the packing arrange-
ments observed with angle iron-shaped and helical
hexaenes, we modeled the packing of hairpin-shaped
hexaenes and also that of saturated and/or monoenoic
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Fig. 9. Packing energies and molecular areas for intermolecular arrangements involving identical angle iron-shaped, 19 carbon polyenes. Minimum
energy packed arrays of two or three chains were obtained as described in Methods. These are shown as Dreiding model “wire-frame” cross sections.
Total steric energies are given in kcal/mole. Calculation of packing energies (average kcal/mole interacting paxr) and cross sectional areas (Az) is
described in Methods. Specific packings are as follows: 1. Back-to-back “antiparallel” packing of two polyenes as in Fig. 8A. 2. Edge-to-edge interleaved
packing of two polyenes as in Fig. 8B. 3. Back-to-back “parallel” packing of two polyenes in which methylene hydrogens interact unfavorably. 4. Back-
to-back “antiparallel” packing of three polyenes. 5. Saturated hydrocarbon packed optimally in the “V groove” of an angle iron-shaped polyene.
6. Saturated hydrocarbon packed on an external face of an angle iron-shaped polyene. 7, 8. Less favorable packings of a saturated hydrocarbon with
an angle iron-shaped polyene. 9. Saturated hydrocarbon packed with two polyenes.

hydrocarbons. It seemed important to study the packing
of hairpin-shaped hexaenes because, as mentioned previ-
ously, our studies of isolated hexaenes had shown that hair-
pin conformations had steric energies that were consider-
ably lower than those of straight conformations (Fig. 4).
We found, however, that hairpin-shaped hexaenes tend to
pack poorly with other hairpin-shaped hexaenes or with
saturated hydrocarbons. A pair of hexaenoic hydrocarbon
chains in a hairpin conformation had to be packed with
their flattest surfaces in apposition for best intermolecular
contact (Fig. 13, packing 1). Even so, intermolecular
interaction between the hairpin-shaped hydrocarbons was
weak because there were few optimal hydrogen atom con-
tacts. Many of the hydrogens were located on the irregu-
lar side of each molecule or in unfavorable orientations at
the bends. The packing energy was therefore 3 to 4 kcal
higher than for extended chains. Similarly, for an arrange-
ment where an all-trans 16-carbon saturated chain was
packed next to a 19-carbon, hairpin-shaped hexaene,
there was only a small region of mutual contact, which led
again to a high packing energy (Fig. 13, packing 2). These
results suggested that hairpin-shaped conformations of
DHA tend to preclude optimum interchain packing
arrangerments.

When we studied the packing of saturated hydrocarbons,
we found, as anticipated, that saturated hydrocarbons
packed very effectively. Fig. 10C and Fig. 13, packings 3-5
show packing arrangements refined by MM2 for two or
three saturated chains that had been brought together in

a slightly offset arrangement to maximize contacts be-
tween the methylene hydrogens of the broad sides of the
chains. Interestingly, the packing energies of these ar-
rangements were quite similar to those found for hexaeno-
ic, angle iron-shaped chains and for mixtures of these
chains with saturated chains.

Studies of the packing of monoenoic hydrocarbons also
led to an anticipated result. MM2 calculated that a mono-
enoic hydrocarbon that contained a ¢is double bond near
the middle of the chain had a sharp bend at the double
bond, in good agreement with the conclusions of others
(e-g., 29-32). However, a conformation of slightly higher
energy, the “jog form,” was also possible. In this conforma-
tion, the two saturated portions of the chain were roughly
parallel, though not colinear because of two bends in
opposite senses adjacent to the two ends of the double
bond. We studied this conformation because it seemed
likely to favor interchain packing. Packing arrangements
for two monoenes in the “jog form,” refined by MM2, gave
greatly distorted chain conformations. Though one of
these arrangements, in which the double bond “jogs” were
packed as closely as possible (Fig. 13, packing 6), yielded
a packing energy only 1 kcal higher than the optimum
values for hexaenes or saturated molecules, all other ar-
rangements had packing energies at least 4 kcal higher.
Packing arrangements for one monoenoic chain with one
or two saturated chains are shown in Fig. 10D and Fig.
13, packings 7 and 8. Fig. 13 also shows that a single
saturated chain helped to stabilize the conformation of the
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Fig. 10. Minimum energy packings for groups of three adjacent hydro-
carbon chains of various types. Truncated chains were used throughout
(see Methods). However, important structural features were preserved,
such as the ethyl group at the chain terminus and the even number of
double bonds in the polyunsaturated models of DHA. A. Three angle
iron-shaped, 13 carbon tetraenes in an extension of the “back-to-back”
packing shown in Fig. 8A. Note that this “stair-step” packing can be
extended indefinitely to larger arrays of angle irons. B. A 10 carbon
saturated hydrocarbon combined with two angle iron-shaped, 13 carbon
tetraenes so that the latter pack “back-to-back” as in Fig. 8A while the
saturated chain packs in the “V-groove” of one angle iron-shaped chain.
C. Three 10 carbon saturated hydrocarbons packed so that the planes
formed by their carbon atom chains are parallel, but offset so as to inter-
lock the methylene hydrogens for maximum van der Waals interactions.
D. An 11 carbon, monoenic hydrocarbon (which mimics a longer oleoyl
residue) packed between two 10 carbon saturated chains. Carbons and
hydrogens are indicated as in Fig. 5.

670 Journal of Lipid Research Volume 27, 1986

monoene and yield a lower packing energy. However, the
monoene could not achieve simultaneously optimum con-
tacts when placed between two saturated chains, and the
packing energy per interacting pair of molecules was
consequently higher.

Because the results of these studies of saturated hydro-
carbons and monoenoic hydrocarbons were generally
consistent with published information (33), they sup-
ported the general validity of our modeling studies of the
packing of hexaenes. Furthermore, the combined results
of the packing studies of model saturated, monounsatu-
rated, and polyunsaturated hydrocarbons suggested that
the principal determinant of optimal chain packing may
be geometrical regularity and compactness of a conforma-
tion rather than the presence or absence of c¢is double
bonds per se.

Interchain packing in diacylglycerols

Having investigated the packing of separate hexaenoic
hydrocarbon chains, we sought to determine whether the
packing arrangements found for these chains might be
possible also for the covalently linked acyl chains of phos-
pholipids. However, limitations of the MM2 modeling
programs available to us precluded the study of entire
phospholipids (see Methods), so we examined the inter-
action of acyl chains in diacylglycerols instead. Further-
more, because we were primarily interested in the DHA
of nerve membranes, which is mainly found in PE, we
used as a model the conformation of the diacylglycerol
moiety reported for crystals of dilauroyl PE (34). In this
conformation the sn-1 acyl chain and the glyceryl moiety
are aligned along a single axis. The sn-2 acyl chain ini-
tially projects outward from this axis at an angle of about
90°, then bends to become parallel to the sn-1 chain.

To determine whether a diacylglycerol containing a
saturated acyl chain in the sn-1 position and an angle iron-
shaped DHA chain in the sn-2 position could assume a
similar conformation, we used the method developed by
Go and Scheraga (35) and the program FINDTORSIONS
(see Appendix II) to identify sequences of torsion angles
that would accommodate parallel chain packings. Then
we applied the steric and chemical criteria defined in
Appendix II to select molecular conformations that could
be refined further using MM2. We found that several
solutions of the Go and Scheraga (35) equations were
possible for various relative orientations of the acyl chains
(Fig. 14). Some orientations, however, produced no solu-
tions, and only one solution (Fig. 15C, Table 3) was
compatible with the structure of crystalline dilauroyl PE.
This solution yielded torsion angles for the region of the
90° bend that were in close agreement with those reported
for dilauroyl PE, except for 83 which was altered to com-
pensate for the geometry of the double bond at 36. Sig-
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Fig. 11. Energies and molecular areas for packed arrangements involving helical po]yenes Helical conformations of polyunsaturated hydrocarbon
chains as in Fig. 6B were combined with one another or with all-frans saturated chains in packed arrays that were optimized using MM2. Dreiding
model outlines for these optimum packings are shown. Total steric energies are given in kcal/mole. Packmg energies were calculated as described in
Methods and are given as average kcal/mole per interacting pair of molecules. Cross-sectional areas are in average A?/molecular component. To
describe the somewhat complex packing of helices, we use the following notation: L, C, and R designate left, center, and right molecules in the
Dreiding outlines. Top and bottom edges refer to the two lines of contact of double bonds, perpcndicular to the page, between adjacent helices. Opposed
contacts occur between double bonds at the same level perpendicular to the page, while interleaved contacts occur between double bonds at neighbor-
ing levels (see Fig. 12A for example of interleaved contacts). A 104° helix is the MM2 minimized form with a screw repeat every 3.3 double bonds,
while a 118° helix has been twisted back to the form that repeats every 4 double bonds. The following packings are shown: 1. 104° helices. R identical
to L but rotated 180°. Interleaved contacts: top edge 3L-2R, 6L-5R; bottom edge 2L-3R, 5L-6R. 2. 104° helices. R mirror image of L. Opposed
contacts: top edge 2L-2R, 5L-5R; bottom cdge 3L-3R, 6L-6R. 3. 118° helices. R mirror image of L. Opposed contacts: top edge 2L-2R only; bottom
edge 3L-3R, 6L-6R. 4. 118° helices. C mirror image of L and R. Opposed contacts: top edge 3L-3C, 4C-4R; bottom edge 2L-2C; 1C-1R. 5. 118°
helices. C mirror image of L and R. Opposed contacts: top edge 4L-4C, 1C-1R; bottom edge 3L-3C, 2C-2R. 6. 118° helices. C mirror image of
L and R. Interleaved contacts: top edge 3L-2C, 2C-3R; bottom edge 2L-3C, 3C-2R. 7. Broad face of all-frans saturated chain oriented toward 118°
helix. Contacts of saturated chain hydrogens with double bonds: top edge, bonds 1, 5; bottom edge, bonds 2, 6. 8. Narrow face of all-trans saturated

chain oriented toward 118° helix. Contacts of saturated chain hydrogens with double bond: top edge, bonds 1, 5; bottom edge, bonds 2, 6.

nificantly, the solution corresponded to a chain packing
arrangement that was strikingly similar to that shown in
Fig. 9, packings 5 and 9, and in Fig. 10B for individual
saturated and angle iron-shaped chains. This solution is
also compatible with a diacylglycerol molecule containing
a helical model of DHA in the sn-2 position (not shown).

The diacylglycerol containing a saturated acyl chain in
the sn-1 position and an angle iron-shaped DHA moiety
in the sn-2 position had a conformation that was almost
as regular as that found for crystalline dilauroyl PE (com-
pare Figs. 15A and C and see Table 4). The tight bend in
the sn-2 chain caused essentially no distortion in the over-
all shape of the diacylglycerol molecule. The methylene-
interrupted double-bond structure was straight, as ob-
served previously for packed individual chains, while the
ethyl group at the DHA chain terminus caused relatively
little deformation. The highly regular conformation of the
DHA-containing diacylglycerol seemed likely to favor the
formation of regular, tightly packed intermolecular arrays.

To determine whether a diacylglycerol containing
another polyenoic fatty acid might show an equally regu-
lar conformation, we studied a diacylglycerol that con-
tained a saturated acyl chain in the sn-1 position and an
angle iron-shaped arachidonic acid moiety in the sn-2
position. We again applied the Go and Scheraga proce-

dure (35) to identify possible torsion angles proximal to
the double-bond sequence, but fixed the 1 and 87 bonds
and obtained solutions for 81 through 86. We could thus
require parallelism of the acyl chains as well as an orienta-
tion of the glyceryl-free hydroxyl group that was compati-
ble with the conformation of crystalline dilauroy! PE.
We obtained twelve sets of solutions. All achieved paral-
lelism of the acyl chains by forming large loops in the 81-
6 region, and most showed at least one unfavorable tor-
sion angle in a nearly eclipsed conformation. We next
used MM2 to refine the two solutions of lowest initial
energy and the two of highest initial energy. All four
refinements led to minimum energy conformations 4 to 6
kcal higher than that obtained for a diacylglycerol con-
taining an angle iron-shaped model of DHA of compar-
able chain length. The minimized conformations of
arachidonic acid-containing diacylglycerol had a similar
shape and still contained broad loops at the bend in the
sn-2 chain. Table 3 contains conformational details, while
Fig. 15B shows two views of the lowest-energy conforma-
tion. This conformation was considerably less regular
than that of the diacylglycerol containing an angle iron-
shaped DHA moiety in the sn-2 position (Fig. 15C, Table
4). Part of the irregularity was due to the A5 double bond
in the arachidonic acid moiety. Whereas the A4 double
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Fig. 12. Minimum energy packings involving polyunsaturated hydrocarbons in the helical conformation. A. Two 19 carbon, hexaenoic helices with
the second chain rotated 180° about its long axis relative to the first chain. B. A 16 carbon saturated chain and a helical, 19 carbon hexaene. The
resistance of the saturated chain to deformation provides a template which helps maintain the helix in its original regular form. However, this prevents
distortions of the helix that could compensate for the lack of interaction between the saturated chain and double bonds 3 and 4. C. Three 13 carbon
tetraenoic helices, side by side. The central chain is rotated 90° about its axis relative to the outer chains. This permits maximum “edge-to-edge”
van der Waals contact of three double bonds of this chain with each of the other chains. Carbons and hydrogens are indicated as in Fig. 5.

bond in DHA was compatible with a smooth, sharp 90°
bend in the chain, the presence of an additional methyl-
ene group proximal to the A5 double bond precluded such
a bend in arachidonic acid. Another factor contributing
to the irregularity was the 5-carbon saturated terminal
segment of the arachidonic acid chain. In contrast with
the terminal ethyl group of DHA, it appeared to be large
enough to interfere significantly with interchain packing.

The results of this comparative study of diacylglycerols
containing two different polyunsaturated fatty acids em-
phasized the potential conformational importance of two
structural features that occur together only in DHA. Thus,
DHA alone contains a polyenoic sequence that is ) initi-
ated by a A4 double bond, and &) terminated by an n-3
double bond. Both features seem to be required for opti-
mum regularity of a diacylglycerol containing an sn-2
polyunsaturated fatty acid.

DISCUSSION

Computer modeling studies of phospholipids have
generally focused on the conformation and packing prop-

672 Journal of Lipid Research Volume 27, 1986

erties of saturated PCs. Only a few studies of mono-
unsaturated phospholipids and/or PE head groups have
been reported (36-38), and polyunsaturated phospholipids
have so far received almost no attention (see, however,
refs. 8, 28). One strategy has been to use quantum calcu-
lations or empirical force fields to determine the lowest
steric energy of an isolated molecule or molecular frag-
ment and thereby identify its probable optimum confor-
mation (37, 39, 40). A complementary strategy has been
to use simplified structural models and force fields to
examine the packing geometry and intermolecular inter-
actions of arrays of molecules in monolayers and bilayers
(36, 41-43). Several investigators have combined these
strategies, first determining conformations of single mole-
cules, then using them as components of packing systems
of various degrees of complexity (44-46).

The force fields used have invariably been restricted.
Early work often limited the force field to a simple
Lennard-Jones van der Waals potential (39). Later work
included torsional; electrostatic, and hydrogen bonding
potentials and, in one set of studies (46), also lone pair
electrons on phosphate oxygens. But a rigid molecular
framework of fixed bond lengths and angles has always
been assumed.
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Fig. 13. Packing energies and molecular areas for packing arrangements involving hairpin-shaped hexaenes, saturated hydrocarbons, and mono-
unsaturated hydrocarbons. Minimum energy conformations for hairpin conformations of polyunsaturated chains, all-trans saturated hydrocarbon
chains, or monounsaturated chains in the jog form were combined in various packed arrays, then reoptimized using MM2. Dreiding model outlines
of the final packed arrays are shown. Total steric energies are given in kcal/mole, packing energies in average kcal/mole per interacting pair, and cross-
sectional areas in A? (as described in Methods). The following packings are listed: 1. Two hairpin-shaped polyenes as in Fig. 5 were packed after
rotating the molecule on the right by 180°. Double bonds 1, 2, 3, and 6 of each molecule were initially aligned perpendicular to the plane of the
page, while double bonds 4 and 5 formed the hairpin loops. Double bonds 2 and 3 of each molecule are packed close to double bond 6 of the opposite
molecule. 2. A hairpin-shaped polyene packed with a saturated chain. Double bonds 1, 3, 4, and 5 form the sides of a rectangle lying in a vertical
plane perpendicular to the page, and create a fairly flat surface against which the saturated chain can pack. 3-5. Packings of saturated chains.
6. Packing of two monoenes that initially had identical orientations. Note that MM2 greatly distorted the molecule on the right. 7. Packing of a

monoene with a saturated chain. 8. Packing of a monoene with two saturated chains.

The present study thus differed from earlier studies,
not only because we focused on DHA and sought to iden-
tify conformations of this fatty acid that might influence
the packing of PE and PS in nerve membranes, but also
because we used MM2. The use of this program allowed
a full molecular mechanics force field to be applied to
lipid modeling for the first time. A particularly valuable
feature of MM2 allows simultaneous adjustment of bond
lengths and angles along with other force field parameters.
This tends to improve geometric packing because relaxa-
tion of bond geometries can lead to a large decrease in the
energy of repulsion for 1,4 (short range) van der Waals
interactions.

The results obtained in our study support the possibility
that the methylene-interrupted double-bond structure of
DHA can be an important determinant of phospholipid
packing in membranes. They show that this structure is
compatible with two essentially straight conformations. In
one the double-bond carbons project outward from a
straight chain axis in a helical arrangement (Fig. 6A); in
the other they project outward to form an angle iron-
shaped structure (Fig. 6B).

The angle iron-shaped conformation may have a special
potential for interchain packing because its two planar
surfaces can pack “back-to-back” with the planar surfaces

of other angle iron-shaped molecules, while its interplanar
“V groove” can align with a saturated chain. Such packing
arrangements involve considerably more interchain con-
tact than can occur among packed helices or between a
helical chain and a saturated chain. They are therefore
associated with low interchain packing energies.

It is important to note that the angle iron-shaped con-
formation of DHA is compatible with a diacylglycerol
conformation that has nearly the same cross-sectional area
and is almost as regular as the conformation reported for
the diacylglycerol moiety of crystalline dilauroyl PE (34).
Regularity is possible when the saturated acyl chain is in
the sn-1 position and the DHA chain is in the sn-2 position
because the A4 double bond in DHA allows a tight bend
to occur in the initial part of the chain and because the
ethyl group at the chain terminus causes only minimal
distortion of the chain axis. The sn-1 and sn-2 acyl chains
form an intramolecular packing arrangement that is
essentially identical to the intermolecular chain packing
found to be optimal for an angle iron-shaped hexaene and
a saturated hydrocarbon (compare Figs. 10B and 15C).
Because the saturated chain packs along the “V groove” of
the angle iron-shaped chain, the two planar faces of the
polyunsaturated chain remain free to participate in inter-
molecular interactions. “Back-to-back” intermolecular
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A Bond Notation in Phospholipids
and Diglycerides

H
H

H Ly
H P H H
Yo It bt
H 1 2 B | % s g n7 | %
ALPHACHAN |8 b won & 1% |8

H

(Head group) GAMMA CHAIN b

H
BETA CHAIN

180° B Optimum packing
Other packing
EEH Disallowed

Fig. 14. Structure, bond notation, and acyl chain conformation in a
mixed chain diacylglycerol containing a model of an sn-2 DHA chain.
A. The standard phospholipid bond notation of Sundaralingam (17), as
adapted to a diacylglycerol containing an sn-1 saturated chain and an
sn-2 DHA chain. The heavy lines corresponding to portions of the 8 and
7 chains and the glyceryl moiety denote bonds that define a bridging
section between the two acyl chains. The torsion angles of these bonds
must be adjusted to allow parallel packing of the two chains. Allowed sets
of angles may be calculated by the method of Go and Scheraga, as de-
scribed in Appendix II. B. Orientations of paraxial acyl chains in the
same mixed chain diacylglycerol. Ranges of position angles yielding
bridge bond torsion angles similar to those found by Elder et al. (34) for
dilauroyl PE are indicated by dark shading. Lighter shading indicates
ranges where unrelated torsion angle solution sets exist. Although such
solutions are possible geometrically, they do not produce conformations
that are reasonable sterically or chemically (see Appendix II). Cross-
hatching indicates regions where torsion angle solution sets do not exist.
The 0° position is defined as lying along the face of the central angle
iron-shaped DHA residue that contains the terminal ethyl group. Positive
angles are measured in a counterclockwise direction as viewed from the
acyl ester end of the chains. The plane of the carbon atoms in the
saturated chain is normal to the line joining the two chain axes for all
position angles. The superimposed molecular outline shows the actual
MM2 minimum energy structure for a diacylglycerol molecule contain-
ing decanoic acid in the sn-1 position and a 16 carbon, tetraenoic model
of DHA in the sn-2 position. (This model contained a A4 double bond
as well as a terminal ethyl group).

674 Journal of Lipid Research Volume 27, 1986

interactions such as those shown in Figs. 8A and 10A are
compatible with a highly ordered packing array, which
might be favored in compressed monolayers (Fig. 16A).
Diacylglycerols containing helical DHA might form an
ordered array that would be limited to less favorable pack-
ings involving partial edge-to-edge contacts between
helices (Fig. 16B).

An ordered packing array of PE molecules, such as that
shown in Fig. 16A, would be expected to influence the
packing of lipids on the opposite side of a membrane bi-
layer. It is of interest therefore that nearly four-fifths of the
DHA of brain diacyl PE is associated with stearic acid
while the remainder is mainly associated with palmitic
acid (47). If the conformations of 1-stearoyl-2-docosa-
hexaenoyl PE and 1-palmitoyl-2-docosahexaenoyl PE in
brain membranes are similar to that of the model diacyl-
glycerol shown in Fig. 15C, then the lengths of the satu-
rated chains would exceed those of the associated DHA
chains by about 4.5 A and 1.9 A, respectively. The non-
polar face formed by the ends of the packed chains would
accordingly be uneven and perhaps provide a possibility
for interdigitation with the chain ends of opposing lipids
such as gangliosides.

The conclusions of the present study are limited. They
apply only to DHA-containing phospholipids that show a
diacylglycerol conformation similar to that reported for
crystalline dilauroyl PE. The DHA must be in the sn-2
position, and a saturated fatty acid must be in the sn-1
position. In addition, the phospholipid head group should
probably be ethanolamine or serine. Choline is likely to
be too large to be compatible with this type of conforma-
tion, as suggested by the very different crystal structures
that have been reported for disaturated PE and PC (18).
Other factors that would be expected to influence the type
of interchain packing arrangements predicted in the pres-
ent study include: a) the relative content of DHA-contain-
ing PE in a phospholipid mixture or packed monolayer,
b) temperature, and ¢) the content of proteins and lipids
in the two sides of a membrane bilayer.

These limitations should be kept in mind while evaluat-
ing published data on lipid and membrane structure that
might support or refute the predictions of our modeling
studies. The data that are currently available, reviewed
recently by Stubbs and Smith (8) and by Dratz and Deese
(3), unfortunately relate primarily to PCs. Thus, it is
difficult to find specific and unequivocal information con-
cerning DHA in the PE and PS species that account for
much of this fatty acid in biological membranes.

To our knowledge the only experimental study of DHA-
containing PE that has been published so far is that of
Dekker et al. (48). These investigators studied hexagonal
Hj; phase transitions for a number of phospholipids in-
cluding didocosahexaenoyl PE. They found that this type
of PE is in the hexagonal Hy phase for all temperatures
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10A

Fig. 15. Comparison of minimum energy diacylglycerol conformations. A. Dilauroylglycerol derived from the X-ray structure for dilauroyl PE

determined by Elder and coworkers (34). The PROPHET interface to the Cambridge Crystal File (56) was used to access the atomic coordinates
for the unit cell and convert them directly to the molecular model. The phosphorylethanolamine head group was replaced by a hydroxyl group to
yield the diacylglycerol, then MM2 was used to refine the model. There were only minor differences between the MM2 model and the original experi-
mental conformation. B. The lowest energy conformation of several models of 1-stearoyl-2-arachidonoyl glycerol initially determined by program
FINDTORSIONS and then refined using MM2. Acyl chains were initially constrained to pack in the optimum way found for angle iron-shaped chains
and saturated chains (Fig. 9, packing 5). C. The conformation of 1-stearoyl-2-docosahexaenoyl glycerol that corresponded most closely to the dilauroyl
PE structure. Again, FINDTORSIONS was used to determine this structure under the same constraints as in part B for acyl chain packing, and

MM2 was used to refine it. Carbons and hydrogens are indicated as in Fig. 5. Oxygens are indicated by cross hatching, lone pair electrons by small

unshaded circles.

above -30°C, which is consistent with the classical idea
that greater unsaturation implies greater membrane
fluidity. Though didocosahexaenoyl PE falls outside of the
limited area covered by our modeling studies, the initial
saturated segment of the sn-1 DHA chain would be ex-
pected to produce a kink or a jog where it joins the chain’s
polyunsaturated segment. Even if the polyunsaturated
segment of the sn-1 chain were to have an angle iron-
shaped or helical conformation, the lack of colinearity
with the saturated segment would be expected to be asso-
ciated with an increased effective cross-sectional area of
the PE molecule, either in the polyunsaturated region or
in the saturated and ester segments linking the two acyl
chains.

Though published studies of DHA-containing PC also
fall outside the area covered by our modeling studies, they
may provide useful hints regarding the general effects of
an sn-2 DHA chain in phospholipids. Early results from
monolayer studies by Ghosh, Williams, and Tinoco (49)

and by Demel, Geurts Van Kessel, and VanDeenen (50)
showed that introduction of one double bond in the sn-2
chain of PC greatly increases the molecular area, but that
subsequent double bonds cause only minor additional
increments. In fact, for 1-stearoyl-2-docosahexaenoyl PC
there is a small condensing effect relative to 1-stearoyl-2-
oleoyl PC. These findings imply that the packing of DHA
chains at the sn-2 position in PC is no more random than
that for monounsaturated chains, and may actually show
a fair amount of order.

Information on phase transition temperatures supports
this view. The melting temperature of 1-palmitoyl-2-
palmitoleoyl PC was determined to be —-10°C while the
average for 1-palmitoyl-2-docosahexaenoyl PC was -6°C
(51); and recent data for a series of PCs containing stearic
acid in the sn-1 position and oleic acid through arachidonic
acid in the sn-2 position show a minimum melting tem-
perature of ~16°C for linoleic acid, and then a leveling off
to about —12°C for more unsaturated species (52). More-
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TABLE 3. Comparative torsion angles for model 1-saturated-2-polyunsaturated diacylglycerols and
a 1,2-disaturated diacylglycerol derived from X-ray structure for dilauroy! PE

Diacylglycerol Species

Diacylglycerol Species

1-Stearoyl- 1-Stearoyl- 1-Stearoyl- 1-Stearoyl-
1,2- 2-docosa- 2-arachi- 1,2- 2-docosa- 2-arachi-
Bond Dilauroyl hexaenoyl donoyl Bond Dilauroyl hexaenoyl donoyl
a -154.4 -179.4 -178.7 Bio 117.0 178.2
6, -52.1 -57.0 -59.2 Bao 123.0 -179.2
8, 65.4 63.2 61.5 B2 -0.2 -178.4
0 -172.3 -170.2 -171.2 Baa -93.6
(A 69.1 68.7 69.4 B2 178.5
By -141.5 -139.1 -92.3 Y1 -178.3 -161.2 -177.8
B4 96.6 98.1 146.9 Ya 172.7 -178.0 175.9
B2 179.3 179.2 - 168.6 Y3 178.9 -177.4 -159.1
Bs -118.5 -90.3 -61.6 Ya -171.4 -176.0 173.4
Bs 64.8 68.9 -77.9 Y¥s -172.6 -179.7 -176.5
Bs -178.1 -171.5 74.6 Yo 174.0 -177.9 -179.6
Bs -174.8 -0.1 -176.7 Y7 -178.7 -178.9 179.1
B, 175.9 121.1 0.8 Vs -177.0 179.9 -179.6
Bs -173.4 110.4 123.1 Yo -177.9 179.8 -179.2
By 178.2 0.1 142.9 Y10 -177.8 179.3 -178.6
Bio -179.4 -124.9 -0.1 11 172.6 179.9 -178.6
B -177.5 -120.8 -115.3 Y12 160.9 179.0 179.3
Bia -179.5 0.1 -123.4 Y13 -180.0 -179.5 -177.3
Bis -180.0 125.3 0.0 Yis -179.4 176.8
Bis 118.1 117.3 Y15 179.0 179.8
Bis 0.0 129.1 Y16 176.5 179.7
Bis -124.9 -0.2 Y17 -177.8 179.9
Bi7 -124.3 ~121.4 Y18 179.9 -179.7
Bis -0.2 -178.4 Y19 -180.0 -178.4

Principal torsion angles are listed for the carbon and ester backbones of the diacylglycerols, employing the notation
of Sundaralingam (17). The models are minimum energy conformations calculated using MM2. The conformation
about the glyceryl carbons is essentially similar for all diacylglycerols (6;-8,). The dilauroylglycerol and 1-stearoyl-
2-docosahexaenoylglycerol are also very similar in the region of the 8 chain bend (8,-8;s), except for 85. The v chains
of the two diacylglycerols are both close to an all trans conformation, with the exception of v, in the 1-stearoyl-2-
docosahexaenoylglycerol model. Rotation of that bond by about - 20°C promotes better packing of the 8 and v
chains. The polyunsaturated part of the DHA model has torsion angles about the methylene carbons that are all
within + 8° of the + 118° optimum. In contrast, the 1-stearoyl-2-arachidonoyl model differs considerably for all
bonds in the 8 chain bend (8,-85) to an extent that may increase significantly the torsional part of the steric energy.
In addition, there are two large deviations in the polyunsaturated chain (84-8,5) from the optimum 118° torsion angle.

over, Deese et al. (51) found that plots of order parameter
versus temperature for unsaturated PC molecules con-
taining an sn-1 palmitoyl residue, labeled with a terminal
CD; group, showed that the 1-palmitoyl-2-palmitoleoyl
species had a broad melting range with no hysteresis. In
contrast, the 1-palmitoyl-2-docosahexaenoyl species was
characterized by a narrow gel-to-liquid-crystal transition,
with hysteresis between the cooling and heating curves.
This evidence of cooperativity is consistent with chain
order.

When Paddy et al. (53) employed a deconvolution
method to determine the order parameters and relaxation
times for all segments of a perdeuterated sn-1 palmitoyl
chain in dipalmitoyl PC, 1-palmitoyl-2-palmitoleoyl PC,
and 1-palmitoyl-2-docosahexaenoyl PC, they found that
the sn-1 chain as a whole was more resistant to deforma-
tion when paired with a DHA chain than when paired

676  Journal of Lipid Research Volume 27, 1986

with a palmitoleoyl chain. This result is consistent with
the possibility that a rigid double-bond geometry in DHA
limits the motion of individual segments in the neighbor-
ing chain.

Finally, Dratz and Deese (3) have outlined results, yet
to be published in detail, of NMR studies of 1-palmitoyl-
2-docosahexaenoyl PC, perdeuterated at the double bonds
of the DHA chain. The NMR spectrum appears to con-
sist of a narrow line showing no splitting. This can occur
if the C-D bonds show an ordered orientation at the
so-called “magic angle” of 54° to the bilayer normal (54).
Dratz interprets these data as being consistent with a
DHA helical conformation oriented perpendicular to the
bilayer. However, the data are also consistent with an
angle iron-shaped conformation of DHA. Our calculations
using the geometry of MM2-minimized models of both
conformations yield an angle of about 52°C between the

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 4. Molecular areas for lateral cross sections through various diacylglycerols and phospholipids

Mean Area (A?)

Bonds Included Per Per
Molecule/Section Location in Section Section Acyl Chain

Dilauroyl PE

Whole molecule projection all bonds 74.32 N/A

Glyceryl diester and 8 chain bend Y2,Y1,04,02,81-B4 53.62 26.81

Head group o - 39.90 N/A

Acyl chains Y3-Y14,85-B 14 46.74 23.37
1,2-Dilauroylglycerol

Proximal v5=71,04,81-Bs 49.22 24.61

Distal Y7=Y13,812-B13 42.32 21.16
1-Stearoyl,2-docosahexaenoylglycerol

Proximal ¥5—v1,04,81-8s 49.54 24.77

Middle Y7=¥11,812-B1s 46.29 23.15

Distal 712—719,613‘623 43.67 21.83
1-Stearoyl,2-arachidonoylglycerol

Proximal Y6-Y1,94,8:1-B6 54.57 27.28

Middle Y1-Y12,013-B1s 46.07 23.04

Distal ’713-‘719,ﬂ17-521 51.28 25.64

Molecular models, having conformations optimized by the MM2 program, were oriented so that the axes of the
acyl chains were parallel to the z-axis. Program MOLXSECTION was used to determine the area for the projection
of each cross section on the x-y plane. The approximate thickness of each cross section is indicated approximately
by the included bonds. MM2 van der Waals radii were used. The large, ‘soft’ hydrogens used in this parameteriza-
tion cause the areas to be from 5-10 A? larger than those determined experimentally for condensed monolayers,
bilayers, or crystal structures. However, the relative areas are of interest. Both the disaturated and the DHA-containing
diacylglycerols have relatively constant areas over the entire lengths of the molecules. (The somewhat larger values
for the proximal portions, i.e., those portions that are closest to the glycerol moiety, are caused by the ester oxygen
atoms.) In contrast, the proximal and distal sections of the molecule containing arachidonic acid are significantly
larger because of an enlarged loop at the 90°C bend in the 8 chain and a tilted w6 saturated tail. The values for
dilauroyl PE were calculated using MM2 van der Waals parameters for the structure of Elder et al. (34) obtained
from the Cambridge Crystal File. The somewhat larger glyceryl diester cross section includes the C; methylene group
and slightly different torsion angles in the 8,-f¢ region. The head group is seen to be slightly smaller in cross section
than the acyl chains. The large total projected area for dilauroyl PE is caused by the lateral offset of the head group

from the acyl chains. N/A, not applicable.

vinyl C-H bonds and the axis formed by the methylene
carbons (not shown).

Thus, our models seem consistent with the limited ex-
perimental data that are available on the conformations
and packing properties of polyunsaturated lipids. How-
ever, further work will clearly be needed to extend the
models, test their validity, and explore their implications.
For example, it will be important to conduct further
modeling studies using programs that accommodate intact
molecules of 1-stearoyl-2-docosahexanenoyl PE and PS. A
major question that needs to be addressed is whether the
regular acyl chain packing arrangements observed in the
present study are consistent with, or may even be favored
by, headgroup interactions among PE molecules or diva-
lent cation salts of PS.

It will be important also to conduct specific experi-
mental studies of 1-stearoyl-2-docosahexaenoyl PE and
PS. A deuterium NMR study in which the sn-2 chain is
either labeled selectively or perdeuterated would be of
obvious interest. It also might be possible to obtain im-

portant information using Fourier transform IR. In addi-
tion, a determination of the molecular areas of PE and PS
in a monolayer might be used to test our prediction that
extended molecules of PE and PS, characterized by acyl
chains that are perpendicular to the monolayer surface,
form tightly packed arrays.

Experimental verification of this possibility would raise
a number of questions regarding the potential effects of
such intermolecular packing arrangements on the struc-
ture and function of nerve membranes. For example, one
prediction might be that the close apposition of acyl
chains would reduce the permeability of the membranes
to low molecular weight, water-soluble solutes. Another
might be that tight packing arrangements among PE and
PS molecules in a monolayer would favor lateral phase
separation in the plane of the membrane and affect inter-
actions of the monolayer with proteins and other mole-
cules that are located in, or are in close contact with, the
lipid bilayer. These are clearly all possibilities that could
be tested experimentally. i
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Fig. 16. Possible packings for acyl chains in a monolayer of 1-stearoyl-2-docosahexaenoyl PE molecules. Cross-sectional views of only the acyl chains
are projected onto the plane of the monolayer. Although these arrays could not be refined to minimum energy conformations because of the limitations
of the MM2 program (see Methods), MM2 minimum energy diacylglycerols were used to generate the cross sections and various minimum energy
packings of hydrocarbon chains were used as a guide for arranging the molecules relative to one another. In each row of the arrays, saturated and
hexaenoic chains belonging to the same diacylglycerol molecule are shaded (left molecule) or unshaded (right molecule). A. A packing of PE
molecules containing angle iron-shaped DHA chains. The various chain-chain interactions, saturated-saturated, saturated-polyunsaturated, and
polyunsaturated-polyunsaturated, all have similar packing energies (see Table 4). This should produce a monolayer with rather homogeneous physical
properties. B. A packing of PE molecules containing helical DHA chains. Only incomplete “edge-to-edge” contacts are possible between helices, while
strong interactions can occur between saturated chains. This would be expected to produce an inhomogeneous distribution of packing energies and

destabilize this arrangement relative to the one in part A.

APPENDIX

I. Relative orientation of double bonds in 1,4-pentadi

We used the following approach to determine how the orientation of
the two double bonds in 1,4-pentadiene varies as a function of the torsion
angles for rotation about the central methylene carbon atom. Following
the formalism of Go and Scheraga (35), we defined local Cartesian
coordinate systems at carbon atoms 2, 3, and 4 (see Fig. 2). We defined
rotation transformers and bond vectors of the forms

cos 0; — sin 6; 0 1 0 0
T, = sinf; cos 6, 0 R; = 0 cos w; - sin w;
0 0 1 0sin w; cos w;

P; = [d;, 0, 0]

as functions of bond angle supplements 6;, torsion angles w;, and bond
lengths d;, respectively. Then any vector ry in the coordinate system
associated with the second double bond could be transformed to an
equivalent vector r; in the coordinate system for the first double bond
by the matrix equation

rp = Tg'Rg'Tg'R"l” + Tz'Rg'l); + Pz

The first term represents a rotation of the vector, while the other terms
specify a translation which superimposes the origins of the coordinate
systems. Only the first term needs to be considered for calculations of the
angles of intersection between the double planes or between the bond
direction vectors.

The orientation of the plane containing a double bond and its substitu-
ent atoms can be defined by a unit vector normal to the plane of the
form [0,0,1] in the local coordinate system. Such normal vectors n, and
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n, can be defined for the two double bonds. Vector n, can be trans-
formed to ny" = T,-Rs-Ts+Ry-ng in the coordinate system for the
first double bond. The dihedral angle between the two double-bond
planes is then given by the dot product of the normal vectors as cos «
= ng-* n‘".

In similar fashion, unit vectors b, and bs (of the form [1,0,0] in local
coordinates) can be defined parallel to the double bonds. After the trans-
formation bs" = T,+Rs:Ts+Ry-T,:bs, the angle § between the
double bond directions can be determined as cos § = b, -« bs". If the
matrices and vectors are multiplied explicitly, the resulting algebraic
equations are:

COS @@ = COS Wy oS Wy — cos B3 sin w; sin wy

cos B = cos 0, cos 05 cos O, — sin 0 sin 05 cos 0, cos ws
~ cos 0, sin 04 sin 0, cos w, + sin 0, sin 0, sin ws sin w,
— sin 0, cos 03 sin 0, cos ws cos w,

These equations or the direct matrix transformation commands of
PL/PROPHET (10, 11) generated identical numerical results, which
were then used to construct the contour plot of Fig. 4.

II. Calculation of geometrically allowed torsion angle sequences
for the bridge bonds between acyl chains in diacylglycerols

The acyl chains and part of the glyceryl moiety of a diacylglycerol
form a linear sequence of bonds. If the acyl chains are to be aligned
parallel to one another, the bond angles and lengths of the intervening
bonds set constraints on the allowed torsion angles for those bonds. Go
and Scheraga (35) showed that the permitted sets of torsion angles may
be calculated for sequences of six consecutive bonds connecting the fixed
ends of a molecule. There may be multiple solutions, or no solutions at
all, depending upon the exact relative orientation and separation of the
fixed portions.
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We implemented the Go and Scheraga equations as a PL/PROPHET
program FINDTORSIONS, that took advantage of commands in the
language to access molecular structures or carry out vector and matrix
manipulations. The program included a robust algorithm for finding
roots of nonlinear equations, which was translated from a published
Fortran program (55). FINDTORSIONS searched automatically for all
solution sets of torsion angles that were compatible with any given orien-
tation of the fixed ends of the molecule.

Even though the FINDTORSIONS program determined geometrically
permitted bridging structures between the acyl chains of a diacylglycerol,
we found it necessary to use two additional criteria before accepting a
conformation as a possibly valid physical structure that could be packed
in a membrane. The conformation had to be free of large amounts of
strain or steric hinderance and had to correspond to a local minimum
of the steric energy surface. Furthermore, the hydrophilic free hydroxyl
group had to be oriented away from the region of the hydrophobic acyl
chains.

This investigation was supported by U.S. Public Health Service
grant RR-00166 and by the Howard Hughes Medical Institute.
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