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Abstract

This study focuses on the mixed-chain lipid myristoylpalmitoylphosphatidylcholine (MPPC) near full hydration.
The lipid, synthesized according to the procedure of (Mason et al., 1981a, has a low degree of acyl chain migration.
When MPPC is temperature-jumped (T-jumped) from the L, phase (7= 38°C) to 7= 20°C or below, a subgel phase
forms; this formation takes less than 1 h at a temperature below 7' = 12°C. The subgel remains stable up to 7'= 29°C.
When MPPC is T-jumped from the L, phase to 7=24°C or above, a ripple phase forms with coexisting ripple
wavelengths of 240 A and 130 A. In contrast, when MPPC is melted from the subgel phase, the ripple phase is
characterized by bilayers having a single ripple wavelength of 130 A.In agreement with earlier studies (Stumpel et al.,
1983; Serrallach et al., 1984. Structure and thermotropic properties of mixed-chain phosphatidylcholine bilayer
membranes. Biochemistry 23:713-720.), no stable gel phase was observed. Instead, an ill-defined low-angle X-ray
pattern is initially observed, which gradually transforms into the subgel phase below 20°C, or into the ripple phase
above 24°C. In the wide-angle X-ray diffraction, a single peak is observed, similar to the ripple phase wide-angle
pattern, that either persists above 24°C or transforms into a multi-peaked subgel wide-angle pattern below 20°C. The
absence of a gel phase can be understood phenomenologically as the relative dominance of the subgel phase in
mixed-chain PCs compared to same-chain PCs. The subgel structure and molecular interactions responsible for this
comparative behavior are interesting open issues. © 1999 Published by Elsevier Science Ireland Ltd. All rights
reserved.
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1. Introduction

Pure phospholipids in the form of multilamellar

PP . vesicles (MLVs) have long been the system of
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PCs, such as DPPC or DMPC, have well-charac-
terized and robust Ly gel phases. Wide-angle dif-
fraction reveals a very sharp (20) reflection
consistent with coherent domains in the plane of
the bilayer extending about 2900A (Sun et al.,
1994). As has been known for many years, the
chains are tilted (Tardieu et al., 1973; Mclntosh,
1980), and the tilt angle has been shown to be
0, =32° for DPPC at T'=19°C (Katsaras et al.,
1992; Tristram-Nagle et al., 1993) and varies
gradually with temperature (Sun et al., 1996). It
has also been known, essentially from the width
of the (11) wide-angle peak, that the chains in the
two monolayers of the bilayer are tilted in the
same direction (Keough and Davis, 1979); de-
tailed modeling indicates that the chains are es-
sentially colinear with a lateral offset that is only
about 15% of the distance between chains (Sun et
al., 1994). The colinearity suggests a trans-bilayer
coupling between monolayers that transcends the
obvious van der Waals attraction between two
hydrocarbon regions and implicates specific
tongue-in-groove packing of the terminal methyl
ends of the chains. This would be expected if the
two chains on the lipid molecule are sufficiently
different in length that the ends of the longer
all-trans interdigitating chains are forced to be
parallel to those from the opposite monolayer.
The energetics of this must be rather subtle, how-
ever. One extensive molecular dynamics (MD)
simulation for DPPC bilayers (Tu et al., 1996)
obtained pleated rather than colinear chain pack-
ing, with the azimuthal angle of chain tilt different
in the two monolayers although the chain tilt
angle 0, agreed with experiment. Only recently has
an MD simulation obtained the observed colin-
earity (Venable et al., in preparation). Another
indication that the energetics of chain packing
must be subtle is that the direction of tilt, towards
nearest neighbors versus between nearest neigh-
bors, changes with hydration (Smith et al., 1988)
implicating the headgroup region.

As is well-known, in the fluid L, phase the
glycerol backbone is aligned perpendicular to the
bilayer surface, so that the sn-1 chain penetrates
one and a half carbons further into the interior of
the bilayer than the sn-2 chain (Seelig and Seelig,
1975; Buldt et al., 1979). A similar glycerol orien-

tation is seen in the crystal structure of DMPC
(Pearson and Pascher, 1979), which also exhibits
an offset of essentially colinear all-trans chains
with the sn-1 chain penetrating three carbons
further than the sn-2 chain. Such features can be
systematically probed by studying mixed-chain
lipids, which occur widely in nature and have
been the subject of numerous investigations
(Keough and Davis, 1979; Chen and Sturtevant,
1981; Mason et al., 1981b; Stumpel et al., 1983;
Hui et al., 1984; Mclntosh et al., 1984; Serrallach
et al., 1984; Tummler et al., 1984; Mattai et al.,
1987; Zhu and Caffrey, 1993; Lewis et al., 1994).

The dependence of the main transition tempera-
ture, Ty, and transition enthalpy, AH,,, reflect
the hydrocarbon chain inequivalence. Mason et
al. (1981a) quantitated this phenomenologically
using the parameter AC/C;, where AC=(n, —
n, + 1.5), and n, and n, are the number of carbons
in the chains at the sn-1 and sn-2 positions of the
glycerol backbone, respectively. The constant 1.5
is introduced to account for the chain length
shortening of the sn-2 chain as a result of a bend
at the second carbon. The quantity C; is the
effective length of the longer of the two chains.
For small AC, T, decreases proportional to (AC/
C,)? (Eq. 1 in Huang et al. (1994)).

Assuming that the colinearity of the hydrocar-
bon chains in the gel phase of same-chain PCs is
a result of partial interdigitation of the terminal
methyl ends, then the molecular variation that is a
priori most likely to obtain a different type of gel
phase, is the one where the ends of the two chains
penetrate equally into the bilayer, because then
there would be minimal interaction between
monolayers to induce colinearity. From the for-
mula of Mason et al. (1981b), this suggests that
mixed-chain lipids in which the sn-1 chain has one
to two fewer carbons than the sn-2 chain might
have a special gel phase. From the crystal struc-
ture of Pearson and Pascher (1979) three carbon
difference might yield this special gel phase. A
compromise, MPPC, with a two carbon differ-
ence, appears to be the most likely choice. How-
ever, earlier structural studies of MPPC, as well as
PMPC, indicated no gel phase (Stumpel et al.,
1983) or only a vestigial unstable gel phase (Ser-
rallach et al., 1984). This result, that it is the
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same-chain PCs that yield special gel phases, does
not conform to expectations based on the AC/C
concept and the inequivalence of the chains. An
experimental re-examination of the previous re-
markable result seemed to be justified by two
considerations: First, the synthesis of mixed-chain
lipids is subject to the problem of chain migra-
tion, so that MPPC is contaminated with PMPC,
or even with the DMPC precursor. In this work
we synthesize MPPC and show that the character-
istics of the bilayers indicate high purity. Second,
there are subtleties in thermal protocols that af-
fect the formation of subgel phases (Tristram-Na-
gle et al.,, 1994) that might, for example, have
resulted in the gel phase being minimized. Al-
though our results basically confirm the absence
of the gel phase in MPPC, we have obtained some
new results for subgel kinetics and ripple phase
structure and have quantitatively refined some old
results. There remains, however, a major unre-
solved issue regarding the low temperature
phases.

2. Materials and methods
2.1. Lipids

1-Myristoyl-2-palmitoyl-sn-3-phosphatidyl-
choline (MPPC) was synthesized using the proce-
dure of Mason et al. (1981a), in which freshly
prepared 1-myristoyl-lysolecithin is reacylated
with palmitoylanhydride in the presence of 4-
pyrrolidinopyridine. The standard method was
used to analyze chain migration chemically.
MPPC was enzymatically cleaved using phospho-
lipase A2 which specifically cleaves the acyl chain
from the sn-2 position; this fatty acid is then
esterified and subjected to gas chromatography
and mass spectrometry. The result indicated 5%
acyl chain migration, which is an upper bound
because of the possibility of lysolecithinase con-
tamination. For comparison, a commercial sam-
ple of MPPC (Lot No. 140-160PC5 from Avanti
Polar Lipids, Alabaster, AL, USA) was used as
received. The commercial MPPC contains about
20-30% acyl chain migration (personal communi-
cation from Walt Shaw, Avanti Polar Lipids,

Alabaster, AL, USA). Both lipids were analyzed
using TLC wusing chloroform: methanol: 7N
NH,OH (46:18:3, v/v) as the solvent system and
stained with molybdic acid stain. TLC revealed <
0.1% lysolecithin contamination in both lipids
when compared to a standard curve. Unless spe-
cifically indicated, all results are from our synthe-
sized MPPC.

2.2. Differential scanning calorimetry (DSC)

MLVs were prepared by adding lyophilized
lipids (4—5 mg) to Barnstead nanopure water (3 g)
in 3 ml nalgene vials. These dispersions were
cycled between 50 and 5°C with 5 min of vortex-
ing at each temperature. After the third heating,
the samples were held at room temperature,
awaiting low temperature incubation. Short low
temperature incubations were carried out in the
calorimeter. Long low temperature incubations
were carried out in a refrigerator and the samples
were then transferred to the calorimeter with a
cold syringe.

High sensitivity DSC (MC-2 from Microcal,
Northampton, MA, USA) was used with typical
heating scan rates of 13°C/h. The MC-2 is inter-
faced to a PC which uses Microcal software to
collect data. Peaks were analyzed using Origin 4.1
and the Peak Fitting Module from Microcal Soft-
ware (Northampton, MA, USA). Enthalpies of all
peaks were obtained by comparing to the MC-2
calibration pulse.

2.3. X-Ray Diffraction of unoriented MLVs

Concentrated MLV suspensions, prepared as
for DSC except with solvent to lipid weight ratio
3:1, were loaded into thin walled 1.0 mm glass
capillaries. The capillaries were centrifuged for 10
min at 1100 x g at room temperature to remove
air bubbles and were then flame-sealed above the
water layer.

X-ray diffraction spectra were obtained using a
Rigaku fixed tube source operated at 2.3 kW with
a graphite monochromator selecting Cu Kok =
1.5418A. The capillaries were mounted vertically
and data were collected using a Bicron scintilla-
tion counter. Three sets of Huber slits (monochro-
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mator exit, before sample, and before detector),
all opened from 0.25 to I mm horizontally and 5
mm vertically, produced an in-plane resolution
from 0.05 to 0.2° (FWHM) in 24.

2.4. X-Ray diffraction of oriented stacks of
bilayers

Oriented samples of MPPC were prepared by
dissolving 5 mg MPPC in 500 pl 3:1 chloroform:
methanol and loading onto the outside of a cylin-
drical 100 ml glass beaker with a diameter of 5
cm. The solvent was allowed to evaporate for 1
day at room temperature. The temperature was
controlled with two circulating water baths con-
nected to the inner and outer chambers of a new
humidity chamber for X-ray studies (Chalk River
Labs, Ontario, Ont, Canada). The chamber was
humidified from a sponge soaked in distilled
water.

X-ray diffraction was carried out on the D1 line
at the Cornell High Energy Synchrotron Source
(CHESS) where the beam was collimated using
three sets of slits set to 1, 0.25, and 1 mm in the
horizontal direction and 1 mm vertically. X-rays
with A =1.3808A were selected and D spacings
were calibrated using powdered crystals of silver
behenate, D =58.4 A. (Blanton et al., 1995). A
CCD camera (Tate et al., 1995) collected 16-bit
greyscale TIF images on an array of 1024 x 1024
pixels each of 50 p linear extent and with sample
to camera distance of 58.1 cm. Typical exposure
times were 5 sec and no indication of radiation
damage was observed. The software Image
Quant, from Molecular Dynamics, Sunnyvale,
CA, USA was used to measure and quantitate the
TIF images.

3. Results
3.1. Differential scanning calorimetry

Fig. 1 compares calorimetric scans of our syn-
thesized sample of MPPC with the commercially
available MPPC. In addition to chemical analysis,
three aspects of calorimetry indicate sample pu-
rity, namely: (a) narrower transition widths AT

(b) higher transition enthalpies AH ;and (c) higher
transition temperatures. Table 1 lists these three
properties for the two samples we studied and
also for three earlier studies (from which it is not
possible to obtain transition widths). The data for
the main transition (subscript M) show that this
transition is relatively insensitive to acyl chain
migration impurity when compared to the sub-
transition (subscript S). This is not surprising
since disordered phases can accommodate impuri-
ties more easily than more ordered phases. Direct
comparison of the subtransition results in Table 1
for the relatively impure commercial sample and
our sample supports the purity criteria listed
above. Comparisons with the results of Serrallach
et al. (1984) are consistent with our sample being
purer. Stumpel et al. (1983) obtained the same T,
but their higher T,, suggests that their tempera-
ture may have been calibrated too high since T},
is not very sensitive to small migration impurity in
the other studies. This is consistent with their
lower AHg and suggests that we may have higher
overall purity (including lack of lysolecithin) de-
spite the chemical assay test for acyl chain migra-
tion. Except for our larger AHg our calorimetric
results agree well with the results of Lin et al.
(1991).
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Fig. 1. Differential scanning calorimetry of our MPPC (scan
A) and commercial MPPC (scan B). Lipid concentrations were
1.5 mg/ml; scan rate was 13°C/h. S, R, and F designate the
subgel, ripple and fluid (L,) phases, respectively. Curves have
been shifted vertically.
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Fig. 2. Differential scanning calorimetry (DSC) study of kinet-
ics of subgel formation in MPPC. Incubation for (A) 12 days
at 0.5°C, (B) 1 h at 12°C, and (C) 1 h at 14°C. Scans have been
shifted vertically.

All of the rest of the data is for MPPC synthe-
sized by us. Fig. 2 shows the kinetics of subgel
formation in our MPPC studied by DSC, scanned
in the heating direction. Incubations were carried
out for the times and at the temperatures indi-
cated, and then the samples were scanned in the
heating direction. It is remarkable that the sub-
transition enthalpy AHg of the sample incubated
for only 1 h at 12°C (curve B) is as large as for the
sample incubated 12 days at 0.5°C (curve A).
However, subgel transformation slowed consider-
ably when incubated at 14°C (curve C), as indi-
cated by the small, broad peak at 21.5°C in curve
C in Fig. 2.

3.2. X-Ray diffraction

Low-angle scattering from the L, phase of an
unoriented sample is shown in Fig. 3. D = 64A
was obtained as determined from the first and
second order Bragg peaks. No higher order peaks
were observed and wide-angle data are devoid of
sharp peaks (see Fig. 6).

A T-jump from 38°C to an incubation 7 =
33°C gave the low-angle results shown in Fig. 4.
There was no significant shift in position of these
peaks up to 19 h, which indicated that the ripple
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Fig. 3. Fluid phase low-angle X-ray diffraction at 7 = 38°C.

phase formed rapidly. Peaks are broader than
those in the fluid phase, as a result of many close
(hk) reflections which cannot be resolved at these
typical resolutions, so the repeat spacing associ-
ated with the (h0) peaks, D = 68A, is only appar-
ent. The scan at 19 h was obtained at higher
instrumental resolution in an unsuccessful effort
to differentiate the ripple peaks. The duration
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Fig. 4. Rippled phase low-angle X-ray spectra of MPPC
quenched from the fluid phase to 33°C. The 19 h spectrum had
higher instrumental resolution (FWHM = 0.05°). Scans have
been displaced vertically.
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Fig. 5. Low-angle X-ray diffraction data of MPPC quenched
from 38°C in the L, phase to: (A) 15°C, (B) 18°C (data for
16.5°C were nearly identical) (C) 20°C. Dotted lines, 1-2 h
incubation; dashed lines, 1 day incubation; solid lines, 2 week
incubation. Curves have been displaced vertically.

times for data collection varied from 15 min for
the 2 h incubation, to 1.5 h for the 19 h
incubation.

Fig. 5 shows the time course of the low-angle
diffraction peaks when MPPC was quenched to
lower temperatures from the fluid phase. Spectra
taken within 1-2 h indicate non-equilibrium. For
MPPC held overnight well-defined low-angle
peaks were present except for the sample at 20°C.
After subsequent incubation for 2 weeks, all sam-
ples had well-defined low-angle peaks, with D =
57.5A at 15°C (based on the second order). Some
corresponding wide-angle spectra are shown in
Fig. 6. Overnight incubation at 15°C resulted in a
prominent wide-angle peak corresponding to D =
4.46A (19.9°-dotted line in Fig. 6), which is a
larger spacing than characteristic gel phase wide-
angle peaks (Sun et al., 1996). Longer incubation
at various temperatures of 20°C or less resulted in
this peak splitting into two close peaks (19.8 and
20.2°). The broad wide-angle peak centered at
22.8° (3.91A) also split into three sharper features
as can be seen by the solid line in Fig. 6. One
might consider interpreting the latter behavior as
a gel to subgel transition. If so, the breadth of the
wide-angle peak at 3.91A in the putative gel phase

after 1 day incubation at 15°C (dashed line, Fig.
5A) is consistent with a reflection indicating a
chain tilt angle of about 30° and with no colinear
coupling between the two monolayers (Keough
and Davis, 1979). However, the persistence of the
sharp peak corresponding to 4.46A suggests a
different interpretation, that the subgel phase is
gradually being annealed into larger well-corre-
lated domains (Tristram-Nagle et al., 1987, 1994).
The lamellar D = 59.2A after only 1 day incuba-
tion also supports this interpretation because a gel
phase would presumably have D between that of
DPPC (63.4A) and DMPC (61.7A) (Marsh,
1990). This latter interpretation concurs with that
of Serrallach et al. (1984) in that they observed a
similar pattern upon slow cooling. They also re-
ported a metastable gel phase in the same cooling
run; the wide-angle spectrum did not have a sharp
peak at 4.47A and the lamellar D was 63A, but
we did not see this pattern. The subgel low-angle
lamellar D spacing decreased about 2A over a
2-week incubation, also observed by Serrallach et
al. (1984).

To investigate further the temperature region of
a putative gel phase, a fresh sample, initially at
T = 38°C was incubated for 3 weeks at 24°C. The

----------- 1 Day at 15°C
1 W 1 Day at 33°C
] ‘5 \ —— 2 Weeks at 20°C |
A s 3 Weeks at 24°C

—

(=]

(=]

[=]
T

i 1 il I 1

19 20 21 22 23 24
2 9 (deg)

Fig. 6. Wide-angle diffraction data of MPPC quenched from
the fluid phase for incubation times and temperatures indi-
cated.
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low-angle spectrum was similar to the ripple
phase low-angle spectra in Fig. 4. The wide-angle
spectrum (Fig. 6 dashed line) shows only a single,
relatively sharp peak corresponding to D=
4.17A. This pattern is identical, except for ex-
pected small thermal shifts, to the pattern formed
at T=33°C (Fig. 6, dash-dotted line). The
prominent peak near 21° indicates hexagonal
packing of the chains, characteristic of the ripple
phase in PCs with little chain tilt, instead of the
pseudo hexagonal (orthorhombic) packing of typ-
ical gel phases.

The next goal was to obtain the true subtransi-
tion temperature. Although the DSC heating
scans give T, = 30°C, such apparent values for 7
can be too high as a result of non zero scanning
rate, as is well documented for DPPC where even
the lowest extrapolated calorimetric 7, is 17°C
(and much higher values have been reported),
whereas the true equilibrium 7, is 14°C (Nagle
and Wilkinson, 1982; Kodama et al., 1985; Tris-
tram-Nagle et al., 1987). Fig. 7 shows diffraction
results for the slow melting of the subgel. The
subgel in this sample was formed by quenching
the sample from the fluid phase to 2°C for 2 h
and then equilibrating for 16 h at 15°C before the
first scan. The wide-angle pattern (inset in Fig. 7)
shows that this is a well-formed subgel. In agree-
ment with the result of Serrallach et al. (1984),
who used a similar procedure, the subgel melted
less than 1° below the calorimetric 7, although
some ripple phase (near 20 =2.5° in Fig. 7) be-
gan to be present at 27°C. Not only does the
subgel form quickly at low enough incubation
temperature, but it melts quickly in DSC scans.
Nevertheless, there is a gap of 10°C, from T =
30°C (subgel melting) to 7'=20°C within which
the subgel does not form even with prolonged
incubation. This is comparable to the analogous
gap of 7°C in DPPC, which has been ascribed to
very slow nucleation above 7'=7°C (Nagle and
Wilkinson, 1982; Tristram-Nagle et al., 1994).

Finally, we wished to verify unequivocally that
the two phases separated by the subtransition are
indeed subgel and ripple phases. Fig. 8 shows a
scan obtained over a wide angular range for
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Fig. 7. Melting of the subgel of MPPC in near equilibrium
steps, starting at 15°C. Subgel was formed by incubating for 2
h near 2°C. The sample was then held at the indicated
temperatures for 2 h, or overnight (indicated with an asterisk)
before each scan of duration 30 min. The inset shows the
wide-angle data obtained at 15°C. Curves have been displaced
vertically.

MPPC that incubated for two weeks at 15°C.
Taking ‘slit smear’ into account, the four low-an-
gle peaks index to D = 56.4A, while the wide-an-
gle peaks are similar to those shown in Fig. 7. In
addition, Fig. 8 shows the intermediate-angle
peaks (8—17°); these peaks are exclusively charac-
teristic of subgel phases and are associated with
ordering of the entire molecule including the
headgroups, as well as of the hydrocarbon chains
(Katsaras et al., 1995).

Although there is no doubt that the low tem-
perature phase in unoriented samples is indeed a
subgel phase, our unoriented data for the ripple
phase could be considered to be ambiguous in
that a single wide-angle peak could also be ob-
tained from a gel phase with untilted chains
packed hexagonally. Unambiguous confirmation
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Fig. 8. X-ray diffraction of MPPC that incubated at 15°C for
2 weeks.

of the ripple phase is shown in Fig. 9 for an
oriented sample of MPPC. Fig. 9A shows a rip-
pled pattern at 33°C after cooling from 38°C, and
Fig. 9B shows another rippled pattern at 33°C
after heating from 5°C. The data in Fig. 9A are
complicated by the coexistence of two lamellar D
spacings, 82A and 69A. The D = 82A spacing has
a strong ripple repeat with A, = 240A (strong
reflections easily seen). The D = 69A spacing also
has ripple repeats with A, = 130A that are difficult
to see at the contrast chosen but can be easily
seen when the 82A ripple peaks are overexposed.
When the sample temperature was reduced to 5°C
and then raised back to 33°C within 1.5 h, only a
single lamellar D = 69A was observed (Fig. 9B),

Table 1

Fig. 9. X-ray diffraction at CHESS from oriented MPPC. The
sample was maintained near 100% relative humidity. (A) T'=
33°C after cooling from 38°C. (B) T = 33°C after heating from
5°C.

Differential scanning calorimetry (DSC) comparison of MPPC Samples

MPPC Migration® Incubation AH\, Ty ® ATy, AHg Ts AT
This study <5% 1 h—12 days@0.5°C 8.3 34.8 0.22 10.9 30.5 1.3
Commercial 20-30% 6 days@0.5°C 7.7 33.9 0.32 6.4 26.2 42
Serrallach et al. 6% 3 months@ —3°C 8 339 - 8 26 -
Stumpel et al. 1% 2 weeks@4°C 7.3 37 - 6.4 30 -
Lin et al. 1% 9 months@0°C 8.1 34.9 - 7.7 30.1 -

2% acyl chain migration by chemical assay.
® Temperatures are in °C and enthalpies in kcal/mole.
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having a single ripple wavelength of A, = 130A. It
may first be noted that the coexistence of the
patterns shown in Fig. 9A vitiate obtaining reli-
able D spacings from powder samples, such as
those shown in Figs. 4 and 7, which is why we
emphasize that those D spacings are only appar-
ent. Furthermore, the proportions of the coexist-
ing patterns are highly history dependent, so the
apparent D spacings are, not surprisingly, differ-
ent in Figs. 4 and 7. It should also be noted that
it is often quite difficult to fully hydrate oriented
samples from the vapor. However, using a newly
developed hydration X-ray oven similar to that
recently reported for neutron diffraction (Kat-
saras, 1997), this sample gave rise to fully hy-
drated D spacings, even in the L, phase. A
summary of X-ray results for all phases is given in
Table 2.

4. Discussion

A major concern recognized by investigators
who have worked on mixed-chain lipids has been
the purity of the synthesized lipids, in particular,
the percentage of acyl chain migration, yielding
PMPC as a contaminant in MPPC (Keough and
Davis, 1979; Chen and Sturtevant, 1981). The
main innovation of Mason et al. (1981a) was to
use the catalyst 4-pyrrolidinopyridine, which sig-
nificantly reduces acyl chain migration compared
to other catalysts. Although our chemical analysis
gave a maximum 5% contamination with the un-
wanted PMPC positional isomer, our larger val-
ues for subtransition enthalpy AH,, and
subtransition temperature 7,, summarized in
Table 1 strongly suggest that our MPPC is overall

Table 2
Summary of X-Ray D-Spacings in MPPC

Temperature Phase Lamellar D(A) Xl.(A)
38°C Fluid 64 -
33 from 38°C Ripple 82 240
69 130
33 from 5°C Ripple 69 130

15°C (2 weeks) Subgel 56.4* -

2 Subgel D-spacing based on the fourth order in Fig. 8.

as pure or purer than MPPC used in previous
studies.

The lamellar repeat spacing for L, phase
MPPC, D =64A, falls between that of DPPC
(65—67A, Nagle et al., 1996) and that of DMPC
(62.71&, Petrache et al., 1998), as one would ex-
pect. The L, phase generally appeared to be nor-
mal, including the usual anomalous dependence
of D as T approached T\, (Nagle et al., 1998).

The phase at lowest T is clearly a subgel phase
because it has intermediate-angle peaks, small
lamellar D and a well-developed wide-angle pat-
tern with a characteristic sharp peak correspond-
ing to D =4.47 A (Fig. 8). Careful melting of this
subgel phase, as was also carried out by Serrallach
et al. (1984), gives an equilibrium subtransition
temperature 7= 29°C; this is surprisingly close
to the DSC transition temperature (30.5°C),
which indicates more rapid melting equilibration
than for same-chain lipids such as DPPC (Tris-
tram-Nagle et al., 1987). Nevertheless, formation
of subgel phase in MPPC can not be accom-
plished in reasonable times unless incubated at
temperatures 77 substantially below T§; this is
similar to same-chain lipids. We found that it
took MPPC only 2 weeks to convert to the subgel
phase for T; even as high as 20°C. Quite possibly,
longer incubations would allow subgel transfor-
mation a few degrees higher, but the maximum 7;
would have to be less than 24°C at which our
MPPC definitely transformed to a well-formed
ripple phase. Therefore, there is a gap of at least
6°C, from 24 to 30°C, within which the subgel
phase is thermodynamically stable but will not
form spontaneously upon quenching from the L,
phase. Furthermore, when the subgel was formed
by nucleating at 2°C for 1 h and then jumping to
15°C and holding overnight, a wide-angle pattern
similar to that seen in the 2-week incubation at
15°C is observed (Fig. 7). This confirms that the
rate limiting step for subgel formation is nucle-
ation, as is the case for DPPC, and such nucle-
ation becomes very slow for incubation
temperatures in the gap (Tristram-Nagle et al.,
1994). 1t is interesting to compare this behavior to
DPPC for which the equilibrium 7g= 14°C (Na-
gle and Wilkinson, 1982; Kodama et al., 1985;
Tristram-Nagle et al., 1987) and the maximum
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incubation temperature for subgel formation is
T,=8°C. For DPPC, growth occurs rapidly in
the gap when nuclei have already been formed at
lower temperature, while nucleation is so slow as
to be immeasurable (Yang and Nagle, 1988). An-
other interesting comparison is for the kinetics of
subgel formation at lower temperatures. MPPC
subgel forms in less than 1 h for 7; less than
12°C (Fig. 2). There is no 7; at which DPPC
subgel forms in less than days. Indeed, MPPC
forms subgel more rapidly than any same-chain
lipid we have studied (Wilkinson and Nagle,
1984; Tristram-Nagle et al., 1987, 1994), except
for 2-[4,4-F,]-DMPC, which formed a subgel
phase in 1.5 h below 5°C (Dowd et al., 1993;
Tristram-Nagle and Dowd, 1994).

In agreement with previous studies, the stable
phase between the subgel and fluid phases is the
ripple phase, as is most dramatically revealed by
oriented samples (Fig. 9). Just as for DPPC (Ten-
chov et al., 1989; Yao et al., 1991; Mason et al.,
1998), there are actually two different ripple
phases, one obtained upon cooling the sample
from the L, phase and one obtained upon heat-
ing the sample from lower 7. (See Table 2 for
structural differences.) The reasons for the differ-
ences in these two phases, of which one is the
stable phase, are still unknown. The present rip-
ple data in MPPC are part of a more comprehen-
sive study of the ripple phase of several oriented
lipids (Katsaras et al., in preparation). Despite
this uncertainty regarding ripple phases, it is
likely that MPPC is not fundamentally different
from same-chain PCs with regard to the ripple
phase.

Our initial interest in MPPC was to compare
the gel phase of a very pure mixed-chain lipid
with that of DPPC. Although we were aware that
there might not be a gel phase, Serrallach et al.
(1984) reported a metastable gel phase and we
hoped that we could stabilize it long enough for
study, analogously to the metastable gel phase in
DLPE (Chang and Epand, 1983), and this ac-
counted for some of the temperature protocols
we tried. However, we were unsuccessful in find-
ing a gel phase (Figs. 5—7). This is unfortunate in
that the gel phase of DPPC has been the most
thoroughly characterized phase and would have

been the best phase for detailed comparison with
MPPC.

Why is there no gel phase in MPPC? The most
obvious thermodynamic answer is that the subgel
phase is so stable that 7, is higher than the
highest temperature at which the gel phase is
stable relative to the ripple phase. This refocusses
the question from gel phases to subgel phases.
Why is the subgel phase in MPPC more stable
than in same-chain lipids such as DPPC, which
have even more carbons in the chains, and so
would be expected to have higher transition tem-
peratures? The simplest, but incorrect, answer is
that the equivalent penetration of the sn-1 and
sn-2 chains in MPPC promotes subgel phase sta-
bility. The reason this answer is incorrect is that
PMPC, which should have greater penetration
inequivalence of the two chains, also has en-
hanced subgel stability as shown by Stumpel et
al. (1983) and Serrallach et al. (1984). Although
the transition temperatures are lower for PMPC
(T,=17°C and T, =27°C), the differences are
similar and there is no gel phase, only a ripple
phase, between the subgel and fluid phases.
Therefore, in regard to subgel stability and the
subgel transition, it appears that same-chain
lipids are special in comparison to lipids where
either the sn-1 or the sn-2 chain has two more
carbons. In particular, we see no way to describe
subgel versus gel phase stability phenomenologi-
cally using the AC/C;, parameter that works so
well for ripple versus fluid phase stability at the
main transition (Huang et al., 1994). The only
special value of this parameter is zero, which
occurs when the sn-2 chain has one and a half
more carbons. This is also the special (minimal)
value of (AC/C;)?, which is the leading term in
the Ty, dependence (Huang et al., 1994).

One might ask if this result is a result of small
amounts of acyl chain migration in even the
purest samples. However, this concern is easily
dismissed. Our results (Fig. 1 and Table 1) indi-
cate that 7, decreases with impurity and this is
consistent with the general concept that impuri-
ties destabilize the more ordered phase more than
the less ordered one. Another concern is that we
are comparing DPPC, which has a total of two
additional carbons, to MPPC and PMPC. DSC
studies of DC,sPC show a small pretransition
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near 22°C upon cooling from ripple to gel phase
and a larger subtransition near 19°C upon heating
(Lewis et al., 1987). After taking into account
thermal lags inherent in DSC transition tempera-
tures (the pretransition temperature upon heating
is near 24°C) there is still a temperature range in
which the gel phase is stable.

We tentatively consider another hypothesis, one
that involves the headgroup, which has previously
been shown to undergo ordering in the subgel
phase (Katsaras et al., 1995). This new hypothesis
is that the glycerol backbone (which is part of the
headgroup in the gross division of the lipid
molecule into heads and tails) may be oriented
parallel to the bilayer in the subgel phase, rather
than perpendicular, as in the other phases, includ-
ing the nearly dehydrated crystal phase. If so,
then the chain penetration of the sn-1 and sn-2
chains would be nearly equal for same-chain PCs
which would make them special compared to
MPPC and PMPC and other mixed-chain lipids
with small differences in number of carbons per
chain. The new phenomenological parameter ACg
for comparing the sn-1 and sn-2 chains in the
subgel phase would then naturally be n;—n,,
which differs from the usual AC=n,-n, + 1.5 by
not having a 1.5 carbon offset. This parameter
(and its square) has its special value (zero) for
same-chain lipids. The physical hypothesis to sup-
port greater subgel stability for mixed-chain PCs
would be that partial interdigitation of the chains
from the two monolayers would stabilize the sub-
gel phase of MPPC and PMPC relative to the
subgel phase of DPPC. However radical this hy-
pothesis may seem, it appears that the phenomena
that have led us to consider it are not easily
understood otherwise. Testing this hypothesis re-
quires obtaining more experimental information
about the structure of subgel phases, which would
be interesting in any case, and would be especially
desirable if no other hypotheses emerge to explain
the phenomena.
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