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ABSTRACT: It has long been established that diacyl phospho-
lipids isolated from animal cell membranes are predominantly
of a mixed-chain variety, meaning that the sn-1 and sn-2 acyl
chains are saturated and unsaturated acyl chains, respectively.
In general, monoenoic and dienoic acids are found in the sn-2
acyl chain of phosphatidylcholine (PtdCho), whereas polyenoic
acids are in phosphatidylethanolamine (PtdEth). These unsatu-
rated chains contain only cis-double bonds, which are always
methylene-interrupted. In recent years, the structures and the
chain-melting behavior of mixed-chain PtdCho and PtdEth have
been systematically studied in this laboratory. Specifically, we
have examined the effects of chain unsaturation of the sn-2 acyl
chain on the phase transition temperature (T ) of many PtdCho
and PtdEth by high-resolution differential scanning calorimetry
(DSQ). The T, values, for instance, obtained from all-unsaturated
mixed-chain PtdEth derived from a common precursor can be
grouped together according to their chemical formula to form a
T,,-diagram. Hence, all the T, values can be compared simply,
systematically, and simultaneously using the T -diagram. In ad-
dition, the energy-minimized structures of mixed-chain phos-
pholipids containing different numbers/positions of methylene-
interrupted cis-double bonds have been simulated by molecular
mechanics calculations (MM). In this review, the results of our
MM and DSC studies carried out with various mixed-chain phos-
pholipids are summarized. In addition, we emphasize that the
combined approach of MM and DSC yields unique information
that can correlate the various T -profiles seen in the T _-diagram
with the structural variation of mixed-chain lipids as caused by
the introduction of different numbers/positions of methylene-
interrupted cis-double bonds.
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Diacyl phospholipids are amphipathic lipid molecules that can
be found in all cell and organelle membranes. These lipid mol-
ecules serve not only as a basic structural component of cell
and organelle membranes but also as the precursors in lipid-
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mediated signal transduction. In animal cells, membrane phos-
pholipids are structurally an extremely diverse group of lipid
molecules (Fig. 1) which includes principally phosphatidyl-
choline (PtdCho), phosphatidylethanolamine (PtdEth), phos-
phatidylinositol (PtdIns), phosphatidylglycerol (PtdGro), car-
diolipin (Ptd,Gro), and phosphatidylserine (PtdSer). Of these
various classes, PtdCho and PtdEth are quantitatively the most
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FIG. 1. The chemical formulas of diacyl phospholipids that are com-
monly found in membranes of animal cells. (A) Phosphatidylcholine
(PtdCho), (B) phosphatidylethanolamine (PtdEth), (C) phosphatidylinosi-
tol (PtdIns), (D) phosphatidylglycerol (PtdGro), (E) diphosphatidylglyc-
erol (Ptd,Gro), and (F) phosphatidylserine (PtdSer). R; and R, refer to
hydrocarbon chains of fatty acids esterified at carbons 1 and 2 of the
glycerol backbone in diacyl phospholipids.
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important species. The basic structure of a given class of di-
acyl phospholipids has customarily been considered to consist
of three regions: the polar headgroup, the interfacial region,
and the hydrocarbon tail. As shown in Figure 1, the structural
features that are common to all classes of phospholipids are
the tetrahedrally arranged phosphorus atom in the polar head-
group, the glycerol backbone moiety in the interfacial region,
and the long fatty acyl chains in the hydrocarbon tail (1).

In most animal cells, diacyl phospholipids are predomi-
nantly of a mixed-chain variety, meaning that the two acyl
chains are structurally different. Specifically, the two fatty
acids esterified at the sn-1 and sn-2 positions of the glycerol
backbone are originated in vivo from saturated and unsaturated
fatty acyl-CoA, respectively (2). In particular, the saturated
sn-1 acyl chain contains an even number of carbon atoms
ranging from 14 to 22, predominantly 16 and 18 carbons. The
unsaturated sn-2 acyl chain may have 16-22 carbons; in addi-
tion, it contains 1-6 cis-double bonds (A-bonds). Interestingly,
two or more A-bonds in the sn-2 acyl chains are always meth-
ylene-interrupted, indicating that two neighboring cis-double
bonds are invariably separated from each other in the sn-2 acyl
chain by a methylene unit (3). It should be pointed out that
(1) methylene-interrupted cis-double bonds are the hallmark of
membrane lipids originated from animal cells, and (ii) these
structural elements are absent in other basic biological mole-
cules such as protein, nucleic acid, and carbohydrate.

Over the last several decades, a wide variety of biochemi-
cal and biophysical studies have offered productive ap-
proaches for investigating the structure, dynamics, and prop-
erties of membrane phospholipids self-assembled, in excess
H,0, in the lipid bilayer (4,5). Most of these studies have
been concerned with synthetic phospholipids that contain two
identical saturated fatty acids. Occasionally, mixed-chain
phospholipids containing various polyenoic fatty acids at the
sn-2 position have been studied (6—12). These studies have
been concerned exclusively with mixed-chain PtdCho. In bi-
ological membranes, however, mixed-chain PtdCho usually
contain one or two A-bonds in the sn-2 acyl chains. In con-
trast, polyenoic fatty acids are present most abundantly in
mixed-chain PtdEth. Consequently, our current knowledge
about the structural and physicochemical properties of natu-
rally occurring phospholipids, particularly mixed-chain
PtdEth with saturated sn-1 and polyunsaturated sn-2 acyl
chains, is limited. To approach a broader understanding of the
structures/properties of naturally occurring phospholipids, we
have in recent years synthesized a large number of mixed-
chain phospholipids, including PtdCho, PtdEth, PtdGro, and
phosphatidylethanol, that have the same structures as those of
naturally occurring phospholipids (13,14). Specifically, these
synthesized mixed-chain phospholipids contain the same
number and position of methylene-interrupted cis-double
bonds in the sn-2 acyl chain as those that are commonly found
in membrane phospholipids of animal cells. Subsequently, we
have carried out a systematic and comprehensive study of the
structure/chain-melting behavior of the lipid bilayer com-
prised of the synthesized mixed-chain phospholipids. In these
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studies, computational molecular mechanics (MM) simula-
tions and differential scanning calorimetry (DSC) are em-
ployed. I shall summarize some of our recent studies obtained
with mixed-chain PtdCho and PtdEth in this review. These
studies give unique information relating the energy-mini-
mized structures of mixed-chain PtdCho and PtdEth to the
chain-melting behavior of lipid bilayers composed of the cor-
responding PtdCho and PtdEth.

THE STRUCTURE AND PHASE TRANSITION
BEHAVIOR OF SATURATED C(X):C(Y)PtdCho

To examine the structure and the chain-melting behavior of
the lipid bilayer composed of mixed-chain phospholipids with
saturated sn-1 and unsaturated sn-2 acyl chains, let us first ex-
amine the structure and the chain-melting behavior of satu-
rated mixed-chain phospholipids such as C(X):C(Y)PtdCho
packed in the lipid bilayer. Here, the abbreviation C(X) des-
ignates the total number of carbons in the sn-1 acyl chain and
C(Y) designates the total number of carbons in the sn-2 acyl
chain. Both the sn-1 and sn-2 acyl chains contain only satu-
rated hydrocarbon chains.

Figure 2 shows the energy-minimized structure of
C(16):C(16)-PtdCho obtained with MM calculations using
Allinger’s MM3(92) program (15). The atomic coordinates
used as the initial input for MM calculations were derived
from experimental data obtained by x-ray diffraction (16).
Two conformational features of the acyl chains are revealed
by the energy-minimized structure. First, the fully extended
sn-1 and sn-2 acyl chains are aligned in the same direction;
however, the zigzag planes of the sn-1 and sn-2 acyl chains
are oriented perpendicularly to each other. Second, although
the sn-1 and sn-2 acyl chains have the same total number of
methylene units, there is an effective chain length difference
between them. This is due largely to the fact that the sn-2 acyl
chain is bent 90° at C(2). It should be pointed out that the en-
ergy-minimized structure corresponds to the structure of lipid
packed in the crystalline state. In the gel-state bilayer, the sn-2
acyl chain of C(16):C(16)PtdCho is still bent; however, the ef-
fective chain length difference between the sn-1 and the sn-2
acyl chains is smaller, and, is about 1.5 C—C bond lengths ac-
cording to neutron diffraction measurements (17). This value
can be applied to all saturated identical-chain PtdCho packed
in the gel-state bilayer, and we designate it as AC_, the effec-
tive chain length difference of the reference state, as shown in
Figure 2. The effective chain length of the longer of the two
acyl chains (CL) is also introduced in Figure 2. In the case of
C(16):C(16)PtdCho packed in the gel-state bilayer, the value
of CL is 15 C—C bond lengths, which corresponds to the ef-
fective chain length of the sn-1 acyl chain.

For saturated mixed-chain C(X):C(Y)PtdCho packed in the
gel-state bilayer, three structural parameters are graphically il-
lustrated in Figures 3A and 3B (13). AC is the effective chain
length difference, in C—C bond lengths, between the sn-1 and
the sn-2 acyl chains. It represents the chain asymmetry. The
larger the AC value, the greater the asymmetry of the lipid’s
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FIG. 2. The energy-minimized structure of C(16):C(16)PtdCho obtained
by molecular mechanics simulations. This structure corresponds to
C(16):C(16)PtdCho packed in the crystalline bilayer. The structural pa-
rameter AC, refers to the effective chain length difference between the
sn-1 and the sn-2 acyl chains, which is about 1.5 C-C bond length for
C(16):C(16)PtdCho packed in the gel-state bilayer. This value can, in
fact, be applied to all saturated identical-chain PtdCho packed in the
gel-state bilayer; hence, AC, is the effective chain length difference of
the reference state. A second structural parameter, CL, refers to the ef-
fective chain length of the longer of the two acyl chains. In the case of
C(16):C(16)PtdCho packed in the gel-state bilayer, the chain length dif-
ference between the two acyl chains, AC ., is 1.5 C-C bond lengths,
and the length of the longer chain, CL = X — 1, is 15 C-C bond lengths,
or 19 A, which corresponds to the effective chain length of the sn-1 acyl
chain. The normalized chain length difference, AC,/CL, is 0.10.

acyl chains. The second structural parameter, CL, has the same
meaning as that illustrated for C(16):C(16)PtdCho shown in
Figure 2. The distance N, in C—C bond lengths, between the
two carbonyl oxygens of the sn-1 acyl chains in a trans-bilayer
dimer of C(X):C(Y)PtdCho is introduced in Figure 3B. N rep-
resents the effective hydrocarbon-core thickness of the lipid
bilayer composed of C(X):C(Y)PtdCho. These three structural
parameters, in C—C bond lengths, are related to X and Y in
C(X):C(Y)PtdCho as follows (13):

AC= IX-Y +AC,,l (1]
=X-1 (2]
N=X+Y-05 3]

The crystalline structure of C(X):C(Y)PtdCho, as represented
by C(18):C(16)PtdCho, is drawn in Figure 3 for the purpose
of simplicity. All three structural parameters are actually de-
fined for C(X):C(Y)PtdCho packed in the gel-state bilayer
with a partially interdigitated packing motif. In this packing
motif, the methyl terminus of the sn-1 acyl chain of one lipid
molecule in the bilayer is juxtaposed with the methyl end of
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FIG. 3. A molecular-graphically depicted diagram illustrating the vari-
ous structural parameters (AC, CL, and N) of C(18):C(16)PtdCho. (A) A
monomer of C(18):C(16)PtdCho. AC is the effective chain length differ-
ence between the two acyl chains along the long molecular axis. The
units for AC are carbon-carbon bond lengths. AC,; is the AC value for
identical-chain PtdCho packed in the gel-state bilayer, and AC, is
taken to be 1.5 C-C bond lengths. For C(X):C(Y)PtdCho packed in the
gel-state bilayer, AC =|X =Y + AC, | = [X =Y + 1.5]. In the case of
C(18):C(16)PtdCho, the value of AC is 3.5 C—C bond lengths. CL is the
effective length of the longer chain of the two acyl chains, also in units
of C-C bond lengths. In the case of C(18):C(16)PtdCho, the value of CL
is 17. (B) The trans-bilayer dimer of C(18):C(16)PtdCho with a partially
interdigitated packing motif at T < T, where T is the experimental tem-
perature and T is the main phase transition temperature. N is the ef-
fective hydrophobic thickness of the dimer, corresponding to the sepa-
ration distance between the two carbonyl oxygens of the sn-1 acyl
chains in the two opposing leaflets of the bilayer. VDW is the van der
Waals contact distance between the two opposing methyl termini in the
bilayer interior, and is assumed to be 3 C-C bond lengths in the gel-
state bilayer. The structural parameter N is related to X and Y in
C(X):C(Y)PtdCho as follows: N= (X —=1) + VDW + (Y =2.5) =X+ Y -
0.5. For the gel-state bilayer of C(18):C(16)PtdCho, the value of N is
33.5 C-C bond lengths.

the sn-2 acyl chain of another lipid molecule from the oppos-
ing bilayer leaflet as shown diagrammatically in Figure 3B. It
is well established that C(X):C(Y)PtdCho with AC/CL < 0.42
can, in excess water, self-assemble into the partially interdig-
itated bilayer at T < T where T = experimental temperature
and T, = main phase transition temperature (18).

Figure 4 shows some representative DSC curves obtained
with aqueous lipid dispersions prepared from a homologous se-
ries of mixed-chain C(X):C(Y)PtdCho. These mixed-chain
lipids share a common value of (X + Y), which corresponds to
32 carbons (19). Hence, the N value for the gel-state bilayer
prepared from each lipid species of this lipid series is identi-
cal. However, the AC value obtained with each lipid in this se-
ries increases stepwise by 1.0 C—C bond length as the lipid
species changes progressively from C(15):C(17)PtdCho to
C(10):C(22)PtdCho. Figure 4 clearly shows that the T, exhib-
ited by C(X):C(Y)PtdCho with AC/CL < 0.42 decreases steadily
as the value of AC increases. This figure demonstrates that, for
a series of C(X):C(Y)PtdCho packed in the partially interdigi-
tated bilayer, T, decreases with increasing AC value when N
is held constant. In addition, for a homologous series of satu-
rated identical-chain PtdCho (AC/CL < 0.42), ranging from
C(13):C(13)PtdCho to C(21):C(21)PtdCho, with a common AC

Lipids, Vol. 36, no. 10 (2001)
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FIG. 4. The differential scanning calorimetry (DSC) curves obtained with
aqueous lipid dispersions prepared from a homologous series of mixed-
chain C(X):C(Y)PtdCho. These mixed-chain lipids share a common
value of (X +Y), which corresponds to 32 carbons. The AC/CL repre-
sents the normalized chain length difference. (A) The initial heating
scans, (B) the first cooling scans, and (C) the second heating scans. The
DSC scans were obtained from a Microcal MC-2 microcalorimeter (Mi-
crocal, Inc., Northampton, MA). Scan rate: 15°C/h. Prior to DSC experi-
ments, each lipid sample was incubated at 0°C for a minimum of 24 h.
For abbreviations see Figures 1 and 3.

value of 1.5 C-C bond lengths, the T, value exhibited by the
lipid dispersion prepared individually from them decreases as
the value of 1/N increases (Fig. 5). Moreover, the same trend is
observed in Figure 5 for another homologous series of mixed-
chain C(X):C(X + 6)PtdCho (AC/CL < 0.42) with a common
AC value of 4.5 C—C bond lengths (20). Based on DSC data pre-
sented in Figure 5 and elsewhere, the T, value of C(X):C(Y)-
PtdCho (AC/CL < 0.42) with X =Y can be related to the struc-
tural parameters AC and N in a simple first-order manner (13):

T, =161.75 - 3706.06 (1/N) — 278.75 (AC/N) + 239.94 [AC/(N + AC)] [4]

A similar equation (Eq. 5) is also derived for C(X):C(Y)-
PtdCho with X <Y (13):

Lipids, Vol. 36, no. 10 (2001)
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FIG. 5. Plots of the phase transition temperature, T, vs. the structural
parameter(s). (A) T, values from two series of saturated PtdCho with
AC = 1.5 and 4.5, respectively, are plotted against 1/N. The numerical
numbers of X/X or X/Y next to the data points denote the numbers of
carbons in the sn-1/sn-2 acyl chains of the corresponding phosphatidy!l-
choline species. (B) T, values of lipids with identical N values vs. AC/N.
The data (O,®) connected by the top two lines were obtained with sat-
urated PtdCho having a constant N value of 31.5 C-C bond lengths.
These lipids thus belong to the C(16):C(16)PtdCho series. The data (C,H)
in the bottom two lines were obtained with saturated PtdCho having
a constant N value of 29.5 C-C bond lengths; hence, these lipids
belong to the C(15):C(15)PtdCho series. Within each series, lipids
with an effective longer sn-1 acyl chain length (X2 Y - 1.5) are grouped
into Group | lipids, and those with longer effective sn-2 acyl chain
(Y = 1.5 > X) are classified as Group Il lipids.

T, =155.11 = 3534.31(1/N) — 245.78(AC/N) + 199.04 [AC/(N + AC)] [5]

These two equations not only show the fundamental an-
tagonistic effect between N and AC in determining the T
value but also can be employed to predict the T, value for
C(X):C(Y)PtdCho with AC/CL < 0.42. The prediction of T,
value based on the chemical formula of C(X):C(Y)PtdCho is
possible because the N and AC values can be readily calcu-
lated from X and Y (Egs. 1-3). Predicted T, values (n = 207)
for various C(X):C(Y)PtdCho, obtained on the basis of Equa-
tions 4 and 5, are presented in Table 1, along with 54 T val-
ues observed calorimetrically. Clearly, the predicted and the
observed T, values agree well. An important consequence of
this excellent agreement is that the number of carbon atoms
in the sn-1 (or sn-2) acyl chain, X (or Y), can be determined
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Predicted T | Values for Fully Hydrated Samples of Saturated Diacyl C(X):C(Y)PtdCho with Varying Degrees of Acyl Chain Length Asymmetry?

Total carbons
in the sn-1

Total carbons in the sn-2 acyl chain

acyl chain 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
26 683 725 764 79.8 83.0 859 885
25 63.8 683 725 762 79.7 827 855 88.0
24 58.8 63.7 68.2 723 760 793 823 849 83.2
23 533 587 63.6 68.0 72.0 756 788 81.6 802 80.6
22 472 531 584 633 67.6 71.5 749 780 769 77.4 77.7
74.8 77.8
21 403 46.8 527 58.0 62.8 67.0 70.7 741 733 739 743 745
71.1
20 326 39.9 464 522 574 62.0 66.1 69.7 693 70.1 70.5 70.9 71.0
33.2 56.8 66.4 70.7
19 320 392 457 514 565 61.0 649 650 658 664 66.8 67.1 67.2
31.8  39.0 61.8
18 230 311 383 447 503 553 596 602 612 619 624 62.8 62.9 63.0
312 381 44.4 504 553 59.7 62.2 62.7 63.9
17 219 300 37.1 434 489 537 548 560 569 57/5 580 583 584 584
21.2 37.7 43.2 49.0 57.9
16 112 204 285 356 41.7 471 489 50.3 51.3 521 527 53.1 53.3 53.4 53.4
11.3 28.4 414 462 488 52.8 53.2 53.3
15 —11 94 186 266 33.6 395 42.1 43.8 451 46.1 46.8 473 477 47.9 480
18.8 34.0 41.7 44.8 46.1
14 -157 =35 71 163 242 310 345 365 380 39.2 402 40.8 413 41.7 419
241 307 34.9 39.2 39.8 43.3
13 -18.7 —6.4 43 133 211 257 281 30.0 31.5 327 33.6 343 348
13.9 25.8 30.5 326 33.1 34.1
12 224 -99 07 96 155 185 20.8 227 242 253 262
21.7 23.5 25.6
11 418 -26.9 -144 -39 3.6 73 102 125 144 159 17.1
13.9 17.3
10 -47.7 -32.6 -20.1 -105 -59 -23 0.6 3.0 4.9
9 -55.0 =39.8 -27.5 -21.7 -17.1 -13.4 -10.4

Experimental T values are also indicated in boldface italic. Predicted T, values are calculated in part from Equation 4 (see text) and the relationships be-
tween AC, N, X, and Y as indicated in Figure 3. Abbreviations: PtdCho, phosphatidylcholine; T, main phase transition temperature; AC, effective chain
length difference as measured in C-C bonds; N, distance, in C-C bond lengths, between the two carbonyl oxygens of the sn-1 acyl chains in a trans-bilayer

dimer of C(X):C(Y)phosphatidylcholine; X, total carbons in the sn-1 acyl chain; Y, total carbons in the sn-2 acyl chain.

accurately provided that the T, value and the number of car-
bon atoms in the sn-2 (or sn-1) acyl chain, Y (or X), of
C(X):C(Y)PtdCho are known. This important relationship
will be reiterated later when I discuss the structure/chain-
melting behavior of mixed-chain lipids with saturated sn-1
and unsaturated sn-2 acyl chains.

THE STRUCTURES AND THE PHASE TRANSITION
BEHAVIOR OF PtdCho AND PtdEth WITH SATURATED
sn-1 AND MONOUNSATURATED sn-2 ACYL CHAINS
[C(X):C(Y:1A")PtdCho AND C(X):C(Y:1A")PtdEth]

The six atoms in the immediate vicinity of a cis-double bond,
C-CH=CH-C, in a long hydrocarbon chain are coplanar
(Fig. 6). Although the rotational flexibility of the cis-double
bond is highly restricted at physiological temperatures, para-
doxically the carbon-carbon single bond preceding or suc-
ceeding the cis-double bond is rotationally highly flexible,
even at —10°C (18). Results of our MM calculations indicate

that the carbon-carbon single bond next to the cis-double
bond prefers to adopt the skew (s*) conformation with torsion
angle of about £110° (Fig. 6). As a result, the most stable
structure of a hydrocarbon chain containing a single cis-
double bond has a twisted boomerang-like conformation with
a s*As* sequence around the A-bond (Fig. 7). Such a twisted
boomerang-like conformation, however, is unlikely to be
adopted by the sn-2 acyl chain in the gel-state bilayer com-
posed of monounsaturated mixed-chain lipids because the all-
trans sn-1 acyl chain would impose steric constraints on the
boomerang-like conformation of the neighboring sn-2 acyl
chain. Results from our detailed MM calculations indicate
that in the presence of an all-frans sn-1 acyl chain, the sn-2
acyl chain of the monoenoic PtdCho is able to pack favorably
in the gel-state bilayer with a kinked crankshaft-like confor-
mation (18,21). Specifically, two parallel chain segments sep-
arated by a small kink sequence are observed in this kinked
sn-2 acyl chain; moreover, these two parallel segments are in
close van der Waals contact with the all-trans sn-1 acyl chain.

Lipids, Vol. 36, no. 10 (2001)
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FIG. 6. Structure of a cis-double bond in a segment of hydrocarbon chain is shown in the top (A). The introduction of a cis-double bond into an
all-trans hydrocarbon chain transforms the linear conformation into a boomerang-like conformation (B). In (C) the energy profiles arising from rota-

tions of a single C(6)-C(7) bond in dodecane (J) and of a single C(4)-C(5) bond in dodecene-6 (O) are shown. Molecular mechanics (MM) calcula-
tions were performed with the MM2(85) program (15).
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(G) The MM3-refined structure
of POPC with a As” g™ kink

LY

(H) The same rotamer of (E)
after a 90° rotation

(I) The MM3-refined structure
of POPC with a g's*As* kink

FIG. 7. Computer-graphic representations of the hydrocarbon chain with boomerang-like, twisted boomerang-like,
and kinked crankshaft-like motifs. Two kinked conformations with identical low-energy for C(16):C(18:1A%PtdCho
as obtained by MM calculations are also shown. POPC, 1-palmitoyl-2-oleoyl-PtdCho; for other abbreviations see

Figures 1 and 6.

As aresult, such a kinked motif has a low steric energy. As il-
lustrated in Figure 7, a monoenoic hydrocarbon chain with
kinked crankshaft-like conformation can be readily obtained
by the rotational trans — gauche isomerizations of the C-C
single bond next to the twisted boomerang sequence of s*As™.
However, the overall length of the kinked chain is shortened
by 0.8 C—C bond length relative to its saturated all-trans
counterpart. Two of the kinked crankshaft-like lipid structures
obtained with C(16):C(18: 1A9)PtdCh0, 1-palmitoyl-2-oleoyl-
phosphatidylcholine, are also illustrated in Figure 7. Here, the
abbreviation C(18: 1A9) denotes the sn-2 acyl chain with a sin-

gle cis-double bond at the ninth carbon (A% counting from
the carbonyl end. In fact, we have shown by MM calculations
that 16 kinked crankshaft-like conformations with a similar
low steric-energy may exist normally for C(16):C(18: 1A%)-
PtdCho at T < T (18). Our MM calculations thus indicate
that many possible low-energy rotational isomers (rotamers)
may be adopted by monounsaturated PtdCho, and these ro-
tamers are likely to interconvert rapidly in the bilayer at T <
T, In addition, these low-energy rotamers share a common
structural feature characterized by a kinked crankshaft-like
motif.

Lipids, Vol. 36, no. 10 (2001)
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Examining some representative DSC curves exhibited by
lipid bilayers composed of monounsaturated phospholipids
demonstrates an interesting point (21,22). In Figure 8, the sec-
ond DSC heating curves obtained with aqueous dispersions of
C(20):C(18)PtdCho, C(20):C(18)PtdEth, C(20):C(18:1A°)-
PtdCho, and C(20):C(18: 1A9)PtdEth in the presence of 50 mM
NaCl, 5 mM phosphate buffer (pH 7.4), and 1 mM EDTA are
illustrated (13). A sharp, single endothermic transition with
T, =75.8°C is observed for C(20):C(18)PtdEth. The intro-
duction of a single A%-bond into the sn-2 acyl chain reduces
the T value of C(20):C(18:1A9)PtdEth to 33.9°C. As shown
in Figure 8, this T -lowering effect of acyl chain monounsat-
uration is also observed for mixed-chain PtdCho. In particular,
the T, values exhibited by C(20):C(18)PtdCho and
C(20):C(18: 1A9)PtdCh0 bilayers are 56.8 and 11.0°C, respec-
tively, showing a marked reduction of 45.8°C in T, as a sin-
gle A’-bond is introduced into the sn-2 acyl chain of
C(20):C(18)PtdCho. Such a T, -lowering effect of acyl chain
monounsaturation has been previously observed for PtdCho
by other investigators (8,12) but not for PtdEth.

Another distinct characteristic associated with the acyl
chain monounsaturation is the T _-lowering effect of acyl
chain unsaturation, which is critically dependent on the posi-
tion of the single cis-double bond along the sn-2 acyl chain
(21). The second DSC heating curves for a series of
C(18):C(18:1A"PtdCho with n = 6, 7, 9, 11, 12, and 13
demonstrate this point (Fig. 9). The minimal T is observed
when n = 11 or when the cis-double bond is positioned near
the center of the linear segment of the sn-2 acyl chain. Fur-

C(20):C(18:1A%PtdEth C(20):C(18)PtdEth
(8]
2 o
g T =33.9°C T,=758C
¢] _ 0
8 AT, 2 0.9°C AT,, = 0.8°C
( ' AHZ70 kealimol AH=11.2 kealimol

20 30 40 50 60 70 80 90 100

C(20):C(18:1A%PtdCho

E C(20):C(18)PtdCho
@

£ o

o o =

3 T =11.0C T,=568C

- AT42=0.9°C AT,,=0.4°C

g AH = 7.0 kcal/mol AH=10.1 kecal/mol

1 1 1 1 1 ] 1 1 ]
0 10 20 30 40 50 60 70 80

TEMPERATURE (°C)
FIG. 8. The second DSC heating curves obtained with aqueous disper-
sions of C(20):C(18)PtdCho, C(20):C(18)PtdEth, C(20):C(18:1A%PtdCho,
and C(20):C(18:1A?)PtdEth. AT, , represents width of phase transition
curve at half-peak height. Scan rate: 15°C/h. Lipid concentration: 3-5
mM. For abbreviations see Figure 1.
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ther, the T, value increases progressively as the cis-double
bond moves away from A!! toward either end of the acyl
chain. Specifically, the T values of C(18):C(18:1A")PtdCho
withn =6,7,9, 11, 12, and 13 are 24.8, 16.7, 5.6, 3.8, 9.1,
and 15.9°C, respectively. As a result, when T, is plotted
against the position of the single cis-double bond, a V-shaped
T, -profile is seen for the various positional isomers of
C(18):C(18:1A™)PtdCho. The second DSC heating curves for
C(20):C(20:1A™PtdCho withn =5, 8, 11, and 13 are also pre-
sented in Figure 9 (21). These data have been extended re-
cently (23). The T, values of lipid bilayers prepared from
C(20):C(20:1A"PtdCho withn =5, 8, 11, 13, and 17 are 44.9,
30.6, 19.4, 22.1, and 49.7°C, respectively. Again, a roughly
V-shaped T -profile is observed in the plot of T, vs. the po-
sition of the cis-double bond in the sn-2 acyl chain for this se-
ries of C(20):C(20:1A")PtdCho (23). Similarly, positional iso-
mers of C(18:1A"):C(18:1A")PtdCho also display a V-shaped
T, -profile in which a cis-double bond is present in each of
the two acyl chains at the same position (6).

Before a molecular model that explains the effects of chain
monounsaturation on phospholipids phase transition behavior
is presented, let us first examine the energy-minimized
structures of some saturated and monounsaturated phospho-
lipids obtained with MM calculations (Figs. 10 and 11). First,
compare the monomeric structures of C(18):C(18)PtdCho,
C(18):C(17)PtdCho, and C(18):C(18:1A'")PtdCho. Clearly,
the two acyl chains are more symmetrical, in terms of
chain lengths, for C(18):C(18)PtdCho. Quantitatively, the
chain-asymmetry parameter, AC, is nearly the same for
C(18):C(17)PtdCho and C(18):C(18:1A")PtdCho. Based
on the relationship between AC and T, that is known for satu-
rated mixed-chain PtdCho, one would expect the values of
T, exhibited by C(18):C(17)PtdCho and C(18):C(18:1A")-
PtdCho to be nearly the same. Yet, the T, value observed
calorimetrically for C(18):C(18:1A')PtdCho is 46.6°C smaller
than for C(18):C(17)PtdCho. In comparing the trans-dimeric
structures of C(18):C(17)PtdCho and C(18):C(18:1A'!)-
PtdCho, the overall trans-bilayer thickness is almost indistin-
guishable, with the structural parameter N being 34.5 and 34.7
C—C bond lengths, respectively. Again, based on the relation-
ship between N and T, that is known for saturated mixed-chain
PtdCho, we would expect a nearly identical value of T for
these two lipid species. This expectation, however, is not borne
out by experimental data as shown in Figure 11. The phase
transition behavior observed for unsaturated lipids is thus dis-
tinctively different from that of saturated lipids. Therefore, pre-
diction of the chain-melting behavior of unsaturated lipids
based solely on the chain-melting behavior of the correspond-
ing saturated lipids cannot be made reliably.

Earlier, it was shown that the T, value of saturated mixed-
chain C(X):C(Y)PtdCho can be quantitatively related to X and
Y values (Table 1). Similarly, the value of Y can also be calcu-
lated provided that T, and X are known. The values of T, and
X for C(18):C(18: IATI)PtdCho are 3.8°C and 18, respectively.
A corresponding saturated mixed-chain PtdCho with a partially
interdigitated packing motif can thus be calculated; this fictive



REVIEW

ENDOTHERMIC

C(18):C(18:1A°)PtdChd

1085

50 T T T T
45| p44.9C PtdCho -
C(18):C(18:14")PtdCho
40r C(20):C(20:1a")PtdCho |
C(18):C(18:1A"*)PtdCho sr .
C(20):C(20:1a")PtdCho 30| i
C(18):C(18:1a"")PtdCho ‘8 5| 246C
13
B -
C(20):C(20:1a"")PtdCho ”0
, C(18):C(18:14")PtdCho
16.7C
__._.JL__ 151 T
C(20):C(20:1A%)PtdCho
C(18):C(18:1A")PtdCho 10 .
L _—/\,-J__... 5t 1
CH8)C(181aYPECD C(20):C(20:1A%)PtdCho 36C
0 10 20 30 40 0 10 20 30 40 5l0 6]0 04 (li Eli 1l0 112 14

TEMPERATURE (°C)

POSITION OF cis-DOUBLE BOND

FIG. 9. The T -lowering effect of acyl chain monounsaturation as a function of the position of the single cis-double bonds. For abbreviation see

Figure 3.

lipid molecule with T, = 3.8°C is calculated to be C(18):C(11)-
PtdCho as illustrated in Figure 12. By comparing the energy-
minimized structure of the fictive C(18):C(11)PtdCho with that
of C(18):C(18:1A'")PtdCho, one can immediately see that the
entire length of the sn-2 acyl chain of the fictive molecule is vir-
tually identical to the length of the longer upper chain-segment
of the kinked sn-2 acyl chain in C(18):C(18:1A!!)PtdCho. At
this point, it should be mentioned that the gel-to-liquid crys-
talline phase transition exhibited by the lipid bilayer at T, in-
volves fundamentally the rotational trans — gauche isomeriza-
tions of the C—C single bonds in the lipid’s acyl chains (24).
Based on the energy-minimized structures of the fictive
C(18):C(11)PtdCho and C(18):C(18:1A'")PtdCho shown in
Figure 12, we have proposed a molecular model for monoun-
saturated phospholipids with the following assumptions (13,21):
(i) Monounsaturated lipids are assumed to adopt the kinked
crankshaft-like motif at T < T ; hence, the kinked sn-2 acyl
chain consists of a longer chain-segment and a shorter chain-
segment at T <T_. (ii) The short chain-segment is assumed to
be largely disordered in the gel-state bilayer due to the presence
of appreciable gauche bonds at T <T . As a result, this short
chain-segment does not contribute significantly to the rotation-
ally disordering process of the trans — gauche isomerizations

of the C-C bonds at T (3). (iii) The longer chain-segment in
the sn-2 acyl chain, at T < T, is assumed to be composed of
trans rotamers only and to undergo favorable van der Waals
contact interactions with its neighboring all-trans sn-1 acyl
chains in the gel-state bilayer. Hence, the longer chain-segment
in the kinked sn-2 acyl chain contributes significantly to the
thermally induced chain-melting process at T, ..

With the molecular model described above, the drastic T, -
lowering effect of acyl chain monounsaturation can be inter-
preted. Because the short chain-segment is already disordered
at T <T,_, the total number of trans — gauche isomerizations
of the C-C bonds at T, is reduced appreciably for a monoun-
saturated lipid molecule relative to that of the saturated coun-
terpart, leading to a significantly lower T value. We can
apply the molecular model to predict the V-shaped T, profile
in the plot of T vs. the position of the single cis-double bond
in the sn-2 acyl chain. In this molecular model, the longer
chain-segment of the kinked sn-2 acyl chain is assumed to un-
dergo favorable van der Waals interactions with its neighbor-
ing all-frans sn-1 acyl chains. The magnitude of this contact
interaction depends on the length of the longer chain-seg-
ment. When the A-bond is positioned at the center of the sn-2
acyl chain, the longer chain-segment has a minimal length,

Lipids, Vol. 36, no. 10 (2001)
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C(18):C(18)PtdCho

Tm=3553°C AC=1.5

C(18):C(17)PtdCho

C(18):C(18:1A'")PtdCho

Twm=3.8°C AC=23
FIG. 10. Computer-graphic representations of the energy-minimized struc-
tures obtained with the monomers of C(18):C(18)PtdCho, C(18):C(17)Ptd-
Cho, and C(18):C(18:1A")PtdCho. For abbreviations see Figure 1.

The dimeric C(18):C(17)PtdCho

mmm;m

m=504°C,N=345and AC=2.5
(for the lipid bilayer in gel phase)

The dimeric C(18):C(18:1A'")PtdCho

Tt S A

Tw=3.8°C,N=34.7,and AC=223
(for the lipid bilayer in gel phase)

AT, =46.6°C, AN=-0.2, and A(AC) =0.2
FIG. 11. Computer-graphic representations of the energy-minimized
structures obtained with the trans-dimers of C(18):C(17)PtdCho and
C(18):C(18:1A""PtdCho. For abbreviation see Figure 1.

which is almost equal to that of the shorter chain-segment.
Consequently, the contact interaction with the all-trans sn-1
acyl chain is also minimal. As the A-bond moves away step-
wise from the chain center toward either end, the length of
the longer chain-segment is progressively increased, leading
to a proportionally increased van der Waals contact interac-
tion with the all-trans sn-1 acyl chain. Because the origin of
T, for the gel-to-liquid crystalline phase transition is largely
enthalpic, the T can be approximately related to the lateral
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T,=504°C, AC=2.5,N=345
C(18):C(18:1A'")PtdCho
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Il 13.3A |
T,=3.8°C,AC=23,N=347
C(18):C(11)PtdCho
|
I 13.4A I

T,=3.8°C, AC=8.5,N=285

FIG. 12. The structure of the saturated fictive PtdCho molecule calcu-
lated on the basis of the T_ and X values of C(18):C(1 8:1A""PtdCho.
For abbreviation see Figure 1.

chain-chain contact interaction (13). As a result, the T, in-
creases as the magnitude of the contact interaction between
the sn-1 acyl chain and the sn-2 acyl chain is increased. Our
molecular model thus predicts a V-shaped T, -profile in the
plot of T, vs. the position of the single cis-double bond in the
sn-2 acyl chain, A", of mixed-chain C(X):C(Y:1A")PtdCho.
Furthermore, the minimal T, in the V-shaped T, -profile must
correspond to the positional isomer of C(X):C(Y:1A™")PtdCho
with the A-bond positioned at the chain center, because
the lateral chain-chain interaction is minimal in this
lipid species. Indeed, the T, -profiles observed for the two
series of monounsaturated C(18:1A"):C(18:1A™)PtdCho and
C(20):C(20:1A"PtdCho are V-shaped (Fig. 9); in addition,
each V-shaped profile is characterized by a minimal T, cor-
responding to the anticipated positional isomer.

THE STRUCTURE AND THE CHAIN-MELTING
BEHAVIOR OF PHOSPHOLIPIDS WITH sn-1 SATURATED
AND sn-2 POLYUNSATURATED ACYL CHAINS

As discussed above, the presence of just a single cis-double
bond in the sn-2 acyl chain of a phospholipid molecule is suf-
ficient to exert profound influence on the chain-melting be-
havior of the lipid bilayer. Now, we shall see how the succes-
sive addition of a second, a third, . . . methylene-interrupted
cis-double bond changes the gel-to-liquid crystalline phase
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transition behavior of the lipid bilayer. Specifically, I shall
present calorimetric data obtained with mixed-chain PtdEth
with saturated sn-1 and polyunsaturated sn-2 acyl chains,
since these lipid molecules are present abundantly in biologi-
cal membranes of animal cells. Moreover, based on the sim-
ple molecular model described earlier for monounsaturated
lipids, a more general MM-based molecular model will be de-
scribed, from which the chain-melting behavior of lipid bi-
layers composed of polyunsaturated mixed-chain lipids can
be rationalized in terms of structural changes of the polyun-
saturated acyl chain.

The first and the immediate second DSC heating curves
obtained with C(20):C(20)PtdEth and its eight unsaturated
derivatives are described (Fig. 13). These unsaturated deriva-
tives with two or more cis-double bonds in the C,-sn-2-acyl
chain are seen to contain only methylene-interrupted cis-dou-
ble bonds. The second DSC curves are reproducible upon fur-
ther repeated reheatings, and the transitions observed in the
second heating scans can thus be assigned as the gel-to-liquid
crystalline phase transitions. Only the phase transition behav-
ior exhibited by various PtdEth in the second DSC heating

2nd heating scan
1st heating scan

C(20):C(20)PtdEth

2nd ._J_.

1st St

C(20):C(20:12%)PtdEth
2nd
1st ﬂ ——

Q C(20):C(20:1a")PtdEth
; JA:
@
£ m C(20):C(20:2a"")PtdEth
°
2
U fnd 11,14,17
st C(20):C(20:3a )PtdEth
2nd 8,11,14,
1st C(20):C(20:34%"")PtdEth
2nd
1st C(20):C(20:34>%")PidEth
2nd —/\———/\
Tst C(20):C(20:44>*"""*)PtdEth
2nd } \ . e .5.8,11,18,17
1st C(20):C(20:5a JPtdEth
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FIG. 13. The first and the immediate second DSC heating curves ob-
tained with C(20):C(20)PtdEth and its eight unsaturated derivatives. Scan
rate: 15°C/h. Lipid concentration: ~3-5 mM.
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scans is discussed in this presentation. For instance, the ther-
modynamic parameters associated with the gel-to-liquid crys-
talline phase transition of lipid bilayers prepared from three
series of PtdEth are shown in Table 2 (29). More recently, the
total numbers of different species of sn-1 saturated/sn-2 un-
saturated PtdEth originated from the common precursors of
C(20):C(18)PtdEth and C(20):C(20)PtdEth have been ex-
tended in this laboratory to 10 and 15 molecular species, re-
spectively (24,25). In this presentation, I shall limit my dis-
cussion of the phase transition behavior of mixed-chain
PtdEth to the T, values of lipid bilayers prepared individu-
ally from the 15 lipid species derived commonly from
C(20):C(20)PtdEth.

The second DSC heating curves for ¢(20):C(20)PtdEth and
its five unsaturated derivatives of C(20):C(20:1A!7)PtdEth,
C(20):C(20:2A"1)PtdEth,  C(20):C(20:3A'1417\PtdEth,
C(20):C(20:4A3 L1417 PrdEth and C(20):C(20:5(>-31-14:17)
PtdEth are illustrated in Figure 14. Here, the first A-bond is in-
corporated at the n-3 (or A'”)-position in the sn-2 acyl chain.
The second and all subsequent methylene-interrupted A-bonds
are introduced into the chain segment located between the n-3-
A-bond and the carbonyl end. Hence, the sn-2 acyl chains of this
series of unsaturated PtdEth belong to the n-3-family. In the
upper left inset in Figure 14, the T value exhibited by each
species in the n-3PtdEth series is plotted against the number of
A-bonds. Clearly, the T, value decreases continually, but non-
linearly, with increasing number of A-bonds. Similarly, like the
calorimetric data shown for n-3PtdEth, the T, value exhibited
by each lipid in the unsaturated n-6PtdEth series also decreases

TABLE 2

Thermodynamic Parameters Associated with the Gel-to-Liquid
Crystalline Phase Transition of Lipid Bilayers Prepared

from Various Phosphatidylethanolamines (PtdEth)

T, AH AS
Lipid (°O) (kcal/mol) (cal/mol/K)
C(20):C(20)PtdEth 82.5 12.5 35.2
C(20):C(20:1A%PtdEth 58.2 8.3 25.1
C(20):C(20:1A")PtdEth 43.3 8.1 25.6
C(20):C(20:2A"" %)PtdEth 22.4 4.5 15.2
C(20):C(20:3A 14 17)ptdEth 23.3 6.0 20.2
C(20):C(20:3A8 1 19ptdEth 15.6 5.5 19.1
C(20):C(20:3A>81)PtdEth 23.0 5.8 19.6
C(20):C(20:4A> 8111 ptdEth 6.6 ~5.2 ~18.6
C(20):C(20:5A>8 11 1417)ptdEth 3.5 5.7 20.6
C(20):C(18)PtdEth 75.8 11.2 32.1
C(20):C(18:1A%)PtdEth 33.9 7.0 22.8
C(20):C(18:2A%12)PtdEth 7.2 3.1 11.1
C(20):C(18:3A%121%)PtdEth 10.4 4.7 16.6
C(20):C(18:4A%21215)ptdEth 3.9 5.5 19.5
C(18):C(20)PtdEth 79.1 11.5 32.7
C(18):C(20:1A")PtdEth 39.5 7.4 23.7
C(18):C(20:2A"%)PtdEth 18.5 3.9 13.4
C(18):C(20:3A 1% 17)ptdEth 21.0 5.4 18.4
C(18):C(20:3A% 11 14)ptdEth 11.7 5.1 17.9
C(18):C(20:3A>81)PtdEth 19.8 5.2 17.8
C(18):C(20:4A> 8111 ptdEth 1.3 ~4.5 ~16.4

Lipids, Vol. 36, no. 10 (2001)
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FIG. 14. Representative second DSC heating curves for aqueous dispersions prepared individually from C(20):C(20)PtdEth, five unsaturated n-3 de-
rivatives of C(20):C(20)PtdEth, and four unsaturated n-6 derivatives of C(20):C(20)PtdEth. These unsaturated n-3PtdEth containing n-3 fatty acids

and n-6PtdEth containing n-6 fatty acids contain 1-5 and 1-4 cis-A-bonds,

respectively, in the lipid’s sn-2 acyl chain, with the position of the com-

monly shared double bond being 3 and 6 carbons from the methyl end, respectively. The abbreviated name for each unsaturated lipid species is
indicated under each transition curve, and, above the transition curve, the value of T_, obtained with each lipid dispersion is also indicated. Fur-
thermore, the T values obtained with unsaturated lipids in each series are plotted against the number of cis-A-bonds as shown in the two insets.

continually but nonlinearly with increasing number of A-bonds,
as shown in the upper right inset in Figure 14. It should be noted
that the newly added A-bond is also placed on the carbonyl side
of the existing A-bonds in the n-6PtdEth series.

In Figure 15, the DSC curves exhibited by lipids in two ad-
ditional series of unsaturated PtdEth are depicted. In these
two series of unsaturated PtdEth, the first cis-double bonds
are introduced into the sn-2 acyl chain at the A3- and A“—po—
sitions, respectively. In contrast to the unsaturated lipids
shown in Figure 14, the second and subsequent cis-double
bonds are always inserted into the sn-2 acyl chain at positions
located between the existing double bond and the methyl end.
Hence, the sn-2 acyl chains of these two series of unsaturated
PtdEth shown in Figure 15 belong to the A%~ and
the Al'l-series. For the AMPtdEth series, the T  value of
C(20):C(20)PtdEth is seen in Figure 15 to decrease from 82.5
to 43.3°C upon the introduction of the first A-bond. A further
decrease of 20.9°C in T is observed in going from
C(20):C(20:1A"PtdEth — C(20):C(20:2A14)PtdEth. In
contrast, a slight increase in T, (0.9°C) is detected as the third

Lipids, Vol. 36, no. 10 (2001)

methylene-interrupted cis-double bond is subsequently added
to the dienoic sn-2 acyl chain on the methyl end of the A'*-dou-
ble bond. Structurally, the C(20):C(20:2A'""'"PtdEth —
C(20):C(20:3A-1417\prdEth conversion, characterized by
a small increase in T, corresponds to an n-6PtdEth —
n-3PtdEth conversion. When all T, values obtained with lipids
in this A!'-PtdEth series are plotted against the number of cis-
double bonds, a down-and-up T _-profile is observed (upper
right inset, Fig. 15). Similarly, for lipids in the A%-PtdEth series,
the variation of T, as a function of the number of A-bonds
is also characterized by a down-and-up trend (upper left
inset, Fig. 15). In this case, the lipid with four A-bonds,
C(20):C(20:4A311-1417PtdEth, is an n-3PtdEth which displays
a higher T value than its precursor, C(20):C(20:3A% 1114
PtdEth, an n-6PtdEth with three A-bonds.

Based on the T, values shown in Figures 14 and 15 and
some other DSC data published previously, a T, diagram is
constructed as shown in Figure 16 (25). Here, nine series of
mixed-chain PtdEth with saturated C,-sn-1 and unsaturated
C,(-sn-2 acyl chains derived from the common precursor of
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FIG. 15. The second DSC heating curves exhibited by lipids in the A3PtdEth- and A''PtdEth-series. Here, the superscript number denotes the posi-
tion of the common cis-double bond in the sn-2 acyl chain when counting from the carbonyl end.

saturated C(20):C(20)PtdEth are presented. In each of these
nine series of PtdEth, there are three or more lipids that share
either a common A-bond at a fixed position along the sn-2
acyl chain or a fixed number of A-bonds. In this T, diagram,
all T  values are placed underneath the appropriate structural
formulas. These formulas are arranged systematically in a
unifying manner according to their order of complexity. From
Figure 16, the effects of the number and position of A-bonds
on the T obtained with lipids in the nine series of mixed-
chain unsaturated C,,-PtdEth can thus be examined simply
and simultaneously. Let us first look at the 3-series of PtdEth
aligned horizontally in Figure 16; mixed-chain lipids in each
of the three n-3 to n-9 PtdEth-series are characterized by a
continuously decreasing T, profile as the number of A-bonds
increases progressively. Similarly, mixed-chain lipids in the
A3-PtdEth series aligned vertically along the rightmost line in
the T -diagram also display a decreasing T profile. How-
ever, as discussed earlier, the C(2O):C(2O:2Am“’14)PtdEth -
C(20):C(20:3A"-1%17\PtdEth and the C(20):C(20:3A%11-14).
PtdEth — C(20):C(20:4A%L1417\ptdEth conversions are
coupled with increased values of T . For the A%~ and
A''-PtdEth series that are also aligned vertically in Figure 16,
the T, -profiles are characterized by a down-and-up trend. Fi-
nally, three series of mixed-chain PtdEth each with a fixed

number of A-bonds in the sn-2 acyl chain can be seen along
the diagonal lines in the T, -diagram (Fig. 16). The mono-
enoic, dienoic, and trienoic series of mixed-chain PtdEth have
five, four, and three positional isomers, respectively. In re-
sponse to changes in the position of the double bond, the T |
values of mixed-chain lipids with a fixed number of A-bonds
give rise to a roughly V-shaped profile, a scenario that has
been discussed earlier in details for monounsaturated lipids.
Interestingly, the two series of positional isomers of PtdEth
containing two and three cis-double bonds also exhibit V-
shaped T -profiles in the plot of T vs. the position of cis-
double bonds. The most novel feature of the T -diagram
shown in Figure 16 is the following: all the different T pro-
files observed for mixed-chain lipids derived from a common
precursor of a saturated lipid species can be seen simultane-
ously in a simple and unifying manner.

The energy-minimized structures of monounsaturated
mixed-chain PtdCho such as C(1 6):C(18:1A9)PtdCho obtained
with MM calculations have been presented. Similar structures
can also be simulated for monounsaturated mixed-chain
PtdEth based on the single-crystal data of PtdEth (26) and the
atomic coordinates of the energy-minimized structures of
monoenoic hydrocarbons (22). For instance, a kinked crank-
shaft-like structure with low energy is simulated for
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FIG. 16. The T_-diagram of sn-1 C,-saturated/sn-2 C,,-unsaturated PtdEth. Lipids in each row share a common n-carbon, where the n-carbon is
defined as the first olefinic carbon atom in the lipid’s sn-2 acyl chain when counting from the chain terminal methyl end. The five parallel rows of
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series, respectively, as indicated. Altogether, there are 15 molecular species of unsaturated mixed-chain PtdEth in this T | diagram, and their T
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C(16):C(18:1A9)PtdEth (Fig. 17). Furthermore, the single-
crystal structure of linoleic acid, determined by Ernst et al.
(27), is characterized by a crankshaft-like motif with a kink
sequence of s”As*sTAs™ (=119, =2.3, 123, 124, -3.3, —-121°).
The most stable structure of dienoic PtdEth in the crystalline-
state bilayer can thus be expected to have a kinked conforma-
tion. As expected, a rotamer with a kink sequence of
s~As*s*As™ is indeed found by MM calculations to be energet-
ically the most stable conformation for the sn-2 acyl chain of
C(16):C(18:2A%')PtdEth (Fig. 17; 28). MM simulations, in
fact, further show that the roughly crankshaft-like conforma-
tion is a common motif underlying the energy-minimized
structure of other sn-2 acyl chains of mixed-chain PtdEth con-
taining three or more methylene-interrupted A-bonds (Fig. 18).

The energy-minimized structures of C(20):C(20)PtdEth
and its five unsaturated n-3 derivatives are illustrated in Fig-
ure 19 (25). These structures, to a first approximation, corre-
spond to the optimal and static structures of PtdEth molecules
packed in the crystalline-state bilayer. Here, the zigzag plane
of the all-trans sn-1 acyl chain in each lipid species lies per-
pendicular to the paper plane, whereas the sn-2 acyl chain
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projects in front of the sn-1 acyl chain. For C(20):C(20)-
PtdEth, the sn-2 acyl chain has an all-frans segment extend-
ing from C(3) to C(19) with 17 methylene units. This segment
is designated as the all-trans segment, abbreviated as ATS.
For C(20):C(20:1A!')PtdEth, the sn-2 acyl chain has a crank-
shaft-like topology with a kink sequence given under the en-
ergy-minimized structure in Figure 19. As a result, the sn-2
acyl chain can be viewed to consist of two chain segments
linked by the kink sequence. The all-frans segment in the
long-chain segment of the kinked sn-2 acyl chain is defined
as the ATS. For C(20):C(20:1A")PtdEth, the ATS has 14 con-
secutive methylene units extending from C(3) to C(16) along
the kinked sn-2 acyl chain. Note that the ATS is one C-C
bond length shorter than that of the long chain segment due
to the fact that the C—C single bond preceding the A!’-bond
has an s~ conformation. For the energy-minimized structures
of polyunsaturated n-3PtdEth shown in Figure 19, the sn-2
acyl chains are seen to adopt roughly an overall kinked motif.
The ATS is observed invariably to locate in the upper chain
segment in each kinked sn-2 acyl chain. Moreover, the length
of the ATS is shortened progressively by three methylene
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C(16):C(18:24%12)PtdEth with an s—As*s*As~ kink

FIG. 17. The energy-minimized structures of C(16):C(1 8:1A%)PtdEth and
C(16):C(18:2A%"2)PtdEth; each is characterized by a kinked crankshaft-
like motif.

units as a A-bond is added successively on the carbonyl side
of the existing A-bonds at the methylene-interrupted position.
In contrast, the short chain segment succeeding the A'”-bond
is identical in length (Fig. 19). It should be emphasized that
the structural features of polyunsaturated n-3PtdEth men-
tioned above are simulated results obtained with MM compu-
tations. These simulated structures do not explicitly provide
information about the dynamic nature of lipid molecules in
the gel-state bilayer. For instance, the sn-2 acyl chains of all
unsaturated n-3PtdEth shown in Figure 19 share a common
chain terminal segment of C(16)-C(17)=C(18)-C(19)-C(20),
in which all C—C single bonds are most likely dynamic in the
gel-state bilayer. The assumed flexible nature at T < T, can
be attributed mainly to the large degree of rotational freedom
of two single C—C bonds adjacent to the A-bond as well as the
C—C single bond containing the methyl terminal carbon atom.
Hence, it is reasonable to suppose that this disordered methyl
terminal segment does not undergo the thermally induced
trans — gauche isomerizations at T, and it thus makes no
contributions to the chain disordering process at T, . The dy-
namic nature of this short terminal segment, however, is not
revealed by any of the MM simulated structures illustrated in
Figure 19. On the other hand, as the number of A-bonds in
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this series of n-3PtdEth increases from zero to five, the length
of ATS is shortened in each step by a constant length of three
methylene units. This variation in ATS, shown clearly in Fig-
ure 19, is considered to be a structural feature that persists in
the gel-state bilayer.

Similar to lipids in the n-3PtdEth series, the five lipids in
the A’PtdEth series seen in the T, diagram also contain up to
five methylene-interrupted A-bonds in the sn-2 acyl chain.
The energy-minimized structures of these lipids have also
been determined by MM calculations, and a crankshaft-like
topology characterizes them all. In these lipids, the short
chain segments in the kinked sn-2 chains are located near the
H,O/hydrocarbon interface, extending from C(3) to C(5). All
ATS, however, are located in the lower chain segments; the
length of each ATS decreases progressively by three methyl-
ene units as a methylene-interrupted A-bond is added succes-
sively on the methyl side of the existing A-bond(s). This de-
creasing trend in ATS is, in essence, identical to that observed
in Figure 19 for the n-3PtdEth series.

In Figure 20, the minimum-energy structures of
C(20):C(20:1A)PtdEth, C(20):C(20:2A'1%)PtdEth, and
C(20):C(20:3A"-1*17)ptdEth in the A''PtdEth series are
illustrated. For C(20):C(20:1A")PtdEth, the A!'-double bond
is located in the middle of the sn-2 acyl chain, and the
additional A-bonds in C(20):C(20:2A'1*)PtdEth and
(20):C(20:3A'11417)ptdEth are on the methyl side of the A!!-
bond. Unlike the variable length of ATS shown in Figure 19, all
three lipids in this series of A''PtdEth share a constant chain
length of ATS extending from C(3) to C(10) in the sn-2 acyl
chain (Fig. 20). It is evident that as the C(20):C(20:2A'14)-
PtdEth (an n-6PtdEth) — C(20):C(20:3A'"1%17\PtdEth (an
n-3PtdEth) conversion occurs, the added AY -bond is introduced
on the methyl side of the existing A-bonds, and the length of the
ATS is not affected by the n-6PtdEth — n-3PtdEth conversion.
The last two A®PtdEth species shown in the T, -diagram are
C(20):C(20:3A%1L1MPtdEth  and  C(20):C(20:4A% 111417
PtdEth, which are n-6PtdEth and n-3PtdEth, respectively. In-
terestingly, they share a constant length of ATS that is located
in the upper chain segment of the kinked sn-2 acyl (25). The
fourth A-bond is added on the methyl side of the existing A-
bonds as the n-6PtdEth — n-3PtdEth conversion takes place.
Hence, this n-6PtdEth — n-3PtdEth conversion is structurally
similar to the C(20):C(20:2A'1%)PtdEth (an n-6PtdEth)
— C(20):C(20:3A"-1%17)PtdEth (an n-3PtdEth) conversion
seen in Figure 20.

Let me summarize what is known about the structural fea-
tures of sn-1 saturated/sn-2 polyunsaturated phospholipids
from MM simulations: (i) the sn-1 acyl chain has an all-trans
conformation; (ii) the sn-2 acyl chain extending from C(3) to
the methyl terminus has a crankshaft-like conformation;
hence, it can be considered to consist of two chain-segments
linked by a kink sequence; (iii) the relative length of the two
chain-segments in the kinked sn-2 acyl chain depends on the
position of the multiple A-bonds; (iv) the consecutive
all-trans segment in the long chain segment of the kinked
sn-2 chain can be defined as ATS, and the length of ATS is

Lipids, Vol. 36, no. 10 (2001)
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FIG. 18. The energy-minimized structure of hydrocarbon chains containing 1-5 methylene-

interrupted cis-double bonds.

shortened by three methylene units if a methylene-interrupted
A-bond is incorporated into the ATS; (v) the kink sequence in
the dienoic sn-2 acyl chain is s”As*s*As™ or s*As"s"As™, de-
pending on whether the position of z in A™"**-bond is an odd-
or even-carbon atom in the sn-2 acyl chain.

Earlier, we presented a simple molecular model that can in-
terpret adequately the large T, -lowering effect of acyl chain
monounsaturation and the V-shaped characteristic dependency
of T, on the position of the single A-bond along the sn-2 acyl

Lipids, Vol. 36, no. 10 (2001)

chain. We can extend this simple model to interpret the differ-
ent effects of the sn-2 acyl chain polyunsaturation on the phase
transition behavior as seen in the T, -diagram (Fig. 16). In this
extended molecular model, three basic assumptions are made.
(1) The sn-2 acyl chain in the mixed-chain PtdEth (or PtdCho)
with sn-1 saturated/sn-2 unsaturated acyl chains is assumed to
adopt, at T < T, an energy-minimized crankshaft-like kink
motif. Hence, it consists of a longer and a shorter chain-
segment separated by the A-containing kink. (ii) At T < T, the
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FIG. 19. The energy-minimized structures of C(20):C(20)PtdEth and its five unsaturated n-3 derivatives as shown molecular-graphically by space-
filling and wire models. These unsaturated n-3PtdEth molecules contain 1-5 cis-A-bonds. The ATS shown in the wire model denotes the all-trans
segment (ATS) of the hydrocarbon chain in the sn-2 acyl chain. The kink sequence in the sn-2 unsaturated acyl chain and a set of optimal torsion
angles associated with the kink sequence are presented under each unsaturated lipid species. The length of ATS is shortened progressively by three
methylene units as the new methylene-interrupted cis-double bond is added successively on the carbonyl side of the A'”-bond in the sn-2 acyl
chain of C(20):C(20:1A"7)PtdEth. In contrast, the short chain segment succeeding the A'-bond is identical in length.

ATS in the long chain segment of the kinked sn-2 acyl chain
and the neighboring all-trans sn-1 acyl chain are proposed to
undergo attractive van der Waals interaction. In contrast, the
shorter chain-segment of the kinked sn-2 acyl chain is assumed
to be partially disordered. However, if the length of the shorter
chain-segment differs from that of the longer one by 1-3 C-C
bond lengths, the shorter chain-segment may contribute some-
what to the chain-melting process at T, . (iii) When the number
of A-bonds in the sn-2 acyl chain is larger than two, the meth-
ylene-interrupted A-bonds act together as a rigid structural unit,
which prevents the rotational isomerizations of C—C bonds in
the neighboring chains. Hence, the sn-2 acyl chain with three
or more methylene-interrupted A-bonds can facilitate some-
what the lateral chain-chain interactions in the gel-state bilayer.

According to the extended molecular model presented
above, the variations of T, upon successive chain unsatura-
tion in the sn-2 acyl chain reflect mainly the changes of the

following two opposing effects: (i) the T, -lowering effect
caused by the progressive shortening of ATS, and (ii) the T -
elevating effect exerted by the increased rigidity of three to
five A-bonds. These two opposing effects are brought about,
paradoxically, by the same structural change, by the increas-
ing degree of acyl chain unsaturation in the sn-2 position. We
can now apply this model to explain why two distinct types of
T, profile are observed for lipids upon the successive addition
of methylene-interrupted A-bonds in the sn-2 acyl chain. One
type is characterized by a nonlinearly decreased T, -curve and
the other is characterized by a down-and-up T, -profile in the
plot of T, vs. the number of A-bonds in the sn-2 acyl chain.
We begin with the discussion of the T, profile exhibited
by lipids in the n-3PtdEth series derived from C(20):C(20)-
PtdEth. This series can be taken as an example to represent
all series of PtdEth characterized by a nonlinearly decreased
T, profile. As shown in Figure 21, the length of ATS is short-
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FIG. 20. Molecular graphics representations of the energy-minimized structures of C(20):C(20:1A'")PtdEth, C(20):C(20:2A""'#)PtdEth, and
C(20):C20:3A"" 14 17)PtdEth in the A''PtdEth series as depicted by ball-and-stick and space-filling models. ATS in each lipid species is located in
the upper chain-segment of the kinked sn-2 acyl chain; moreover, a constant length of ATS is shared by all three lipid species. The added A-bond is
introduced on the methyl side of the existing A-bond. The kink sequence and associated torsion angles for each unsaturated acyl chain are pre-

sented under the energy-minimized structure of the corresponding lipid. For abbreviations see Figures 1 and 19.

ened progressively by a constant length of three methylene
units as a methylene-interrupted A-bond is added successively
into the sn-2 acyl chain. Based on the observed constant de-
crease in ATS alone, the T values of lipids in the n-3PtdEth
series can be expected to fall on a straight line with a nega-
tive slope. On the other hand, when the total number of A-
bonds in the sn-2 acyl chain is three or more, the multiple
A-bonds are proposed to act as a rigid structural unit, thus
leading to a gradual increase in T, . However, we assume that
this T, -elevating effect is less than the T, -lowering effect ex-
erted by the shortening of the ATS in the sn-2 acyl chain. On
balance, the absolute value of the T increment will be de-
creased progressively as the third and subsequent A-bonds are
introduced stepwise into the sn-2 acyl chain, with the largest
decrease in the T, increment occurring at the highest number
of A-bonds. Consequently, the T values of lipids in the
n-3PtdEth series in the plot of T vs. the number of A-bonds
are expected to fall on a nonlinearly decreased curve; further-
more, the T, from the lipid species with the highest number
of A-bonds is expected to deviate most from the straight line.
These expectations are indeed borne out by experimental data
(Fig. 21). Therefore, we may conclude that the presence of
cis-double bonds in the sn-2 acyl chain contributes to the pos-
itive deviation of T from the linear T -profile in the plot of
T,, vs. the number of cis-double bonds, although its effect
vanishes when the total number of A-bonds in the sn-2 acyl
chain is equal to or less than two.
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Our proposed model can also explain the down-
and-up T -profile exhibited by lipids in the A®PtdEth-
and AM'PtdEth-series shown in the T,, diagram. Here, the
A'"PtdEth-series is chosen as an example to illustrate our
points. The energy-minimized structures of the three lipid
species in the A'"PtdEth-series are shown in Figure 22, in
which the ATS is seen to locate in the upper chain-segment.
Moreover, the length of ATS remains unchanged among the
three lipid species. It should be noted that the lower chain-
segment in the C(20):C(20:1A'")PtdEth has a length that is
only one C—C bond length shorter than the upper chain-seg-
ment. According to our proposed molecular model, this short
chain-segment may contribute somewhat to the chain-melt-
ing process at T . Consequently, the T value for the lipid bi-
layer composed of C(20):C(20:1A'")PtdEth can be expected
to be higher than that of C(20):C20:2A!"!'#)PtdEth, although
these two unsaturated lipids share a common length of ATS.
The introduction of a third cis-double bond into the sn-2 acyl
chain of C(20):C(20:2A!1*)PtdEth, an n-6PtdEth, converts
the lipid into an n-3PtdEth, or C(20):C(20:3A'L1%17)
PtdEth. Based on the constant length of ATS alone, the T,
increment between the n-6PtdEth and the n-3PtdEth would
be zero. However, the n-3PtdEth has an additional A-bond
in comparison to the n-6PtdEth; based on our proposed
molecular model, a positive T, increment is thus expected
to associate with the n-6PtdEth — n-3PtdEth conversion in
this A"'PtdEth series. On the basis of our proposed molecular
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FIG. 21. The energy-minimized structures of C(20):C(20)PtdEth and its five unsaturated n-3 derivatives are presented in the presence of the thermo-
grams exhibited by these six lipid species. The T _-profile shown in the inset can be roughly correlated with the variation of the ATS length in the

sn-2 acyl chains of these six lipid species.

model, the  consecutive  C(20):C(20:1A'")PtdEth
—C(20):C(20:2A"1*)PtdEth — C(20):C(20:3A'114:17).
PtdEth conversion should be accompanied by a down-and-up
T, -profile. And this is indeed observed calorimetrically as
shown in Figure 22. Moreover, such a down-and-up T, -pro-
file has also been observed calorimetrically for PtdCho in two
different A''PtdCho series (29).

I would now like to conclude by considering once more the
T, -diagram (Fig. 16) constructed for mixed-chain phospho-
lipids with saturated and unsaturated sn-1 and sn-2 acyl
chains, respectively, that are originated from a common pre-
cursor, C(20):C(20)PtdEth. All unsaturated lipids with two or
more cis-double bonds shown in this T -diagram have meth-
ylene-interrupted cis-double bonds, which are the hallmark of
the naturally occurring phospholipids found in animal cells.
Moreover, the energy-minimized structures of all the unsatu-
rated sn-2 acyl chains of lipids shown in this T, -diagram are
characterized by a kinked crankshaft-like motif as obtained by
MM calculations. A novel virtue of this T, -diagram is that the

T, -profiles exhibited by various series of lipids arranged along
the horizontal, vertical, and diagonal lines can be compared
simply and simultaneously. In this sense, the T, -diagram is
somewhat analogous to the periodic table, in which all chemi-
cal elements are arranged simultaneously in a simple and sys-
tematic manner. Finally, my emphasis is that a simple molecu-
lar model can explain adequately the various shapes of the T -
profiles exhibited by different series of mixed-chain
phospholipids shown in this T, -diagram. It is hoped that the
experimental and computational results obtained with pure
lipids containing well-defined numbers and positions of cis-
double bonds as summarized in this presentation may lead us
to many informative new experiments to be carried out with
biological membranes in the future.
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