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The ripple phases of a range of mixed-acid phosphatidylcholine derivatives with one satugatbdi€ and
the other chain of variable length or unsaturation were studied using differential scanning calorimetry, x-ray
diffraction, and freeze-fracture electron microscopy. The temperature dependences of their ripple wavelength
(\), stacking repeat distanceld), and the monoclinic anglé,, defining their unit cell were measured and
found to be consistent with an inherently asymmetric ripple phase with an amplitude that slowly increases with
temperature. The temperature spans of the ripple phases of the saturated mixed-chain derivatives and the
derivatives containing unsaturated chains were found to be larger and smaller, respectively, than those of
homoacy! derivatives of the same equivalent chain length. This was shown to be consistent with the sliding-
chain model proposed by CeyBiochemistry 30, 7186—7197, 1991The tendency of phosphatidylcholine
derivatives to form asymmetric ripple phases and the possible molecular organization of such phases are
discussed in terms of different models. X-ray diffraction evidence was found for the existence of a secondary
ripple phase with a wavelength about 1.8 times greater than the conventional pretransition ripple phase. This
phase is formed in samples freshly cooled from the liquid-crystal phase and tends to persist longer than the
conventional ripple phase on cooling to the gel phase. Freeze-fracture electron microscopy suggests that it is
symmetric in cross section possibly reflecting the interaction of two opposing pretransition ripples.
[S1063-651%98)12209-2

PACS numbses): 87.15-v, 64.70.Md, 61.30.Eb

INTRODUCTION sawtooth cross section and a wavelength of about 12—16 nm
[25,26. Lipid mixtures, however, are often characterized by
Hydrated samples of fully saturated phosphatidylcholinea symmetrical ripple often referred to as a macroripple,
(PO) derivatives normally exist in one of four bilayer phases:which has a wavelength approximately double that of the
a crystalline ;) phase formed on equilibration at low tem- Pretransition ripplg29]. Small areas of macroripple and of
peratures in which the acyl chains are packed on an orthdther types of ripple of different symmetry and wavelength
rhombic lattice; a gel I{5/) phase in which the fully ex- also occur in pure PC dispersions. The structure of these
tended acyl chains, packed on a quasihexagonal lattice, apiternative ripple forms is still a matter of some debate but
tilted with respect to the bilayer normal; a ripple 4/) phase can in many cases be exp"’?"”ed In terms (.)f summations
in which the lipid bilayer is distorted by a periodic ripple and/or interactions of the basic pretransition ripf2é].

characterized by a two-dimensional monoclinic lattice; and 3y Electron densﬂy dlstrlput|ons calculated by Wack .a_md
. o . . ebb[16] confirm the basic asymmetry of the pretransition
conventional liquid-crystal I{,) phase in which the acyl

. ripples. Recent calculations performed by Sral. [20] in-
chains are melteftl]. ) ) . dicate that the bilayer thicknesses in the two sides of the
The existence of a ripple phase, in particular, has been &, 1ooth are appreciably different. They estimate a bilayer
source of considerable interest to a broad range of researclkickness of 3.8 and 3.1 nm, respectively, for the long and
ers for many years. The majority of reports on the rippleshort sides of the ripple for di-14:0 PG0] and suggest that
phase relate to homoacy! disaturated PC derivatives. Ripplge ripple consists of alternating sections of lipid of gel and
phases are, however, also formed in saturated mixed-chajuid-crystal-like phase character.
PC derivativeq2,3] and in some derivatives containing un-  Many theoretical models have been put forward in at-
saturated chaing},5 and this papérThey are found in mix-  tempts to explain the formation of the ripple phase. In gen-
tures of PC with cholesterdb,7] and even occasionally in eral, they are divided into two groups: those based on purely
other lipid systems such as phosphatidylglyceli@$ and  thermodynamic consideration31—-37 and those based on a
substituted phosphatidylethanolamini@s statistical mechanical approa¢B8—43. Excellent summa-
The structure of the ripple phase has been extensivelyies of the ideas underlying these models can be found in
studied using x-ray diffractiofi2,3,10—20, neutron diffrac- Carlson and Sethn@4] and Scott and McCullogf44].
tion [6], freeze-fracture electron microscopgl-26, and While such models have a valuable role in exploring pos-
scanning-tunneling microscopg7,28§|. sible explanations of the factors underlying ripple phase for-
Freeze-fracture techniques have revealed the existence pfation, the number of assumptions and simplifications re-
a large number of different ripple profiles. The predominantquired to make them mathematically handlable means that
ripple form found in pure PC systems is asymmetric with athey have limited predictive value. Ce{45] has adopted a
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rather different approach and has developed a phenomenof 255 consecutie 5 s diffraction patterns with an interven-
logical model based on the idea that ripple formation is asing 10 us wait-time. The SAXS detector was calibrated us-
sociated with a sliding of the lipid molecules along their ing at least the first nine orders of wet rat tail collagespeat
longitudinal axes leading to an increased exposure of thgistance of 67.0 nin The WAXS detector was calibrated
lipid headgroups to the hydrophilic medium. The model pro-ysing the peaks arising from hexagonal crystalline [#8]
vides useful equations for the prediction of tHeg(—Pg/)  formed in frozen samples as an internal standard.
and (Pg—L,) phase transition temperatures but runs into  Freeze-fracture electron microscoplyipid samples were
similar problems when it comes to explaining the inherenthermally quenched from subambient temperatures using a
anisotropy of the ripple profile. purpose-built temperature equilibration systet]. Follow-

In an attempt to examine the driving forces of the rippleing thermal quenching, the sample was transferred to a Po-
phase transition further, we have studied the occurrence hron freeze-fracture device for processing. The resulting

the ripple phase in fully hydrated dispersions of a range ofeplicas were examined using a Philips EM301G electron
mixed-acid PC derivatives with one saturategy €hain and  microscope.

the other chain of variable length or unsaturation, using dif-
ferential scanning calorimetr{DSCO), x-ray diffraction, and

freeze-fracture electron microscopy. We were particularly in- RESULTS
terested in the temperature ranges of the different ripple
phases and general organization of the ripple phase and the Differential scanning calorimetry

chain packing of the lipids as reflected in small-angle x-ray psc measurements were performed on fully hydrated
diffraction (SAXS) and wide-angle x-ray diffraction g5mples of mixed-chain PC derivatives with ong, €hain
(WAXS) measurements, respectively. The x-ray studies perynq the other chain variable in length and/or unsaturation.
formed on fully hydrated samples suggested that the rippley;| samples were incubated for at least 5 min above the main
structures present in our fully hydrated samples were mainly.ansition temperature just prior to measurement in order to
of the standard pretransition type. Evidence of the formationyiminate complications associated with the possible forma-
of appr.eC|abIe amounts of a ripple phase vx_/lj[h a \_/\/avelengttaOn of crystal ) phases. Typical DSC heating thermo-
approximately double that of the pretransition ripple WaS,qrams for di-18:0 PC, 18:0,16:0 PC, 16:0,18:0 PC, 18:0,14:0
however, found in a partially hydrated sample of one of thepc’ 18:0,18:1 PC, 18:1,18:0 PC, and 18:0,18:2 PC are pre-
lipids. sented in Fig. (@@). The corresponding cooling curves, mea-
sured immediately after the initial heating, are shown in Fig.
1(b). Di-18:0 PC and the saturated mixed-chain PC species
(18:0,16:0 PC, 16:0,18:0 PC, and 18:0,14:0) R exhibit

Lipids. All phospholipids were obtained from Avanti Po- an (Lg —Pg/) pretransition and a mainP(g —L,) transi-
lar Lipids, Inc.(Alabaster, AL) and used without further pu- tion on heating. In the case of di-18:0 PC, the pretransition
rification. was also seen on cooling but only the main transition was

Calorimetry. Calorimetric measurements were performedseen under these conditions for the mixed-chain species.
using a Perkin-Elmer DSC-2 scanning calorimeter fitted with  No pretransition was observed, either on heating or cool-
a subambient accessory. Aqueous dispersiassially 1:1 ing, for the PC species 18:0,18:1 PC, 18:1,18:0 PC, and
w/w) were prepared by direct addition of distilled water to 18:0,18:2 PC containing unsaturated acyl chains. In order to
the lipid powder and hermetically sealed in aluminum panscheck that any possible pretransition was not being masked
All samples were heated over a temperature range of at leaby the large endotherm associated with ice melting, these
50 °C and thermograms were recorded on heating and coolneasurements were repeated on supercooled samples. The
ing at a rate of 5°C/min. At least three heating/coolingsamples were first cooled to arounl5 °C and then re-
cycles on two separate samples were performed. Onset tertheated while still in the supercooled state. Only a single
peratures were taken to be at the departure of the rising epeak, corresponding to the main lipid transition, was ob-
dotherm from the baseline. The system was calibrated usingerved. No indication of the occurrence of a pretransition in
the known thermal parameters for the melting of indiumeither the cooling or heating traces was found under our mea-
and/or cyclohexane. suring conditions.

X-ray diffraction.Samples were prepared by resuspending The collected values for the temperatures and molar en-
weighed amounts of lipid in distilled water. The resulting thalpies of the  z»—Pg/) and Pz —L,) transitions ob-
dispersions were then heated above their main phase transierved in this study are presented in Table |. The values of
tion and subjected to at least three freeze/thaw cycles. Thihe transition temperatures for di-18:0 PC and fully saturated
18:0, 18:2 lipid dispersion was prepared, as far as was pracenixed-acyl chain PC derivatives are in good agreement with
tical, in a Nfilled glove box to minimize the chances of previously published valueg[3,50,51, and references
lipid oxidation. Following hydration, the samples were therein. The enthalpies, while in general agreement with
stored at—20 °C for approximately 24 h before examination. previously published values, are somewhat variable probably

Real-time x-ray diffraction studies were performed usingreflecting the requirement to cycle the samples under condi-
a monochromati€¢0.154 nm focused x-ray beam at Station tions in which the formation of the crystalline phase was
8.2 of the SERC Daresbury Synchrotron Facility, UK, usinginhibited. Fewer measurements have been carried out on
a purpose-built SAXS/WAXS camera. Detailed descriptionsmixed-chain PC derivatives containing unsaturated chains
of the measuring system have been published elsewhetmt again our values are in good agreement with published
[46,47|. The data-acquisition system allowed the collectionvalues[52,53.

MATERIALS AND METHODS
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FIG. 1. DSC thermograms for the PC series di-18:0 PC, 18:0,16:0 PC, 16:0,18:0 PC, 18:0,14:0 PC, 18:0,18:1 PC, 18:1,18:0 PC, and
18:0,18:2 PC fully hydrated in watefa) First heating scangb) subsequent cooling scans. The heating and cooling rates were 5 °C/min.

X-ray diffraction and freeze-fracture measurements conditions analogous to those employed in the DSC mea-

The structural properties of the ripple phas®s;() were ;urements. As 'anticipated, all the fully sgturated Ii.p'ids gave
examined using real-time SAXS/WAXS measurements andiSe to well-defined ripple phases in their pretransition tem-
freeze-fracture electron microscopy. Attention was concenPerature ranges. In the case of x-ray measurements, however,
trated on three different aspects of the ripple phase: the proghe formation of such phases was seen both in heating and
erties of pretransition ripples in fully saturated molecularcooling scans. Examples of SAXS patterns of ripple phases
species; the occurrence of ripple phases in mixed-acyl chaifor the different lipids, measured at temperatures correspond-
systems containing unsaturated fatty acyl chains; and the foing to the center of their respective pretransition ranges, are
mation of long-wavelength ripples. presented in Fig. 2. In agreement with Tenclehal. [15],

Pretransition ripple phases in fully saturated molecular we observed significant differences in the relative amplitudes
speciesSAXS/WAXS measurements were carried out underof different ripple phase diffraction maxima in heating and

cooling scans and all observations, unless otherwise stated,

TABLE I. Transition temperatures and enthalpies for a series ofelate to heating scans.
fully hydrated samples of mixed acid PC derivatives with ong C All the lipids examined showed a small diffraction maxi-
chain and the other chain variable in length and/or unsaturation. mum at about 12.0 nmS=0.083 nrﬁl) and a prominent
first-order stacking repeat at about 6.0 nmS (

Lipid Tp °C) AH, (KImo) Ty, (°C) AHy (kI/mob  _ g 166 nm'Y), corresponding to thé01) and (10) spacings
di-18:0 PC 51.1 6.5 55.1 37.9 of the ripple phase, together with a number of less prominent
18:0.16:0 PC  29.0 9.9 45.1 24.0 maxima arising from the cross terms of the ripple lattice and
16:0,18:0 PC 355 26 48.0 285 higher-order reflections from the stacking repeat. Following
18:0,14:0 PC  17.5 6.9 31.2 33.4 Wack and Webb[16], we have indexed these spectra in
18:0,18:1 PC 5.5 20.6 terms of a 2D monoclinic lattice characterized by a ripple
18:1,18:0 PC 7.4 23.7 wavelength\, a stacking repeat distanck, and a mono-
18:0,18:2 PC ~17.3 11.0 clinic angle6,,. Values foréy,, ds, and\ were determined

by applying the monoclinic spacing formula
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FIG. 3. Gray-level plot of x-ray scattering intensity as a function
. . . . . of temperature for fully hydrated 18:0,14:0 PC during a heating
0 0.1 0.2 0.3 0.4 0.5 0.6 scan at a rate of 2 °C/min. The lighter areas represent higher inten-

S (nm™) sities. The diffraction maxima of the ripple phase are indicated.

FIG. 2. SAXS diffraction patterns exhibiting the ripple phase in . o o .
fully hydrated samples ofa) di-18:0 PC at 55.1 °C(b) 18:0,16:0 25 the sample is heated from 5 to 42 °C at a rate of 2 °C/min.

PC at 43.3°C,(c) 16:0,18:0 PC at 47.8 °Qd) 18:0,14:0 PC at At 5°C, the sample is in a lamellar phase characterised by
27 °C. The positions of théd1) and (10) diffraction maxima are first- (10) and secqnd-orde(QO) maxima corresponding to a
indicated by the arrows. lamellar repeat distance of 6.58 nm. Tk@&l) diffraction

maximum of the ripple phase first starts to appear at about
1 1 11 °C”ar|1d tTe(ll),bflzg, (22), andLZZ) small-angle maxi(rjna A
= h2/d2+ k2/\2— 2hk 1 are all clearly visible by 15 °C. The maxima associated wit
Eﬁ i 9m[ s & €08/ (d:A)] (1) the ripple phase persist to about 30 °C, at which point they
abruptly disappear, and the positions of tti®) and (20)
to all the peaks simultaneously and minimizing the differ-maxima shift as the lamellar repeat distance decreases to
ence between the expected spacing for each peak and tBeD1 nm, signaling a transition to the, phase. Plots of the
experimentally determined spacings. Collected values fotemperature dependenceséf, \, andd, for 18:0,14:0 PC
these parameters are presented in Table Il. They are in goatlring heating and cooling scans are presented in Fig. 4. The
agreement with the values reported by Wack and Wéish  ripple wavelength\, as illustrated in Fig. @), showed a
for di-18:0 PC and Mattaét al.[3] for saturated mixed-chain slow decrease on heating from about 12.6 nm at 17 °C to
lipids. 11.8 nm at 29 °C, followed by a rapid increase to 13.0 nm at
A detailed picture of the temperature-dependent change32 °C. Essentially the reverse behavior was seen on cooling.
in the SAXS pattern of 18:0,14:0 PC, taken as a representdvatuokacet al. [18] have reported similar changes in fully
tive lipid of this group, is presented in the form of a gray- hydrated samples of di-14:0 PC. The initial decrease, and
level intensity plot in Fig. 3. The plot is constructed from final increase, il with temperature almost certainly reflect
data collected in a continuous seridsbos frames measured the formation of the ripple phase from the flanking planar

TABLE Il. Wide-angle diffraction spacings, bilayer repeat spacing, and ripple wavelengths of the series of fully hydrated samples of
mixed acid PC derivatives with one;£chain and the other chain variable in length. All data were taken from heating scans.

ripple monoclinic wide angle
temperature bilayer wavelength angle reflections
PC phasg range(°C) repeat(nm) (nm) ®) (nm)
di-18:0 Lg <48.5 6.82 0.425, 0.408
Pg 48.5 to 57.0 6.99 16.76 97.35 0.425
L, >57.0 6.79 0.457
18:0,16:0 Lg <33.1 6.61 0.419, 0.408
Pg 33.1 to 46.6 7.41 14.04 96.15 0.422
L, >46.6 6.79 0.455
16:0,18:0 Lg <38.1 6.76 0.417
Py 38.1 to 48.4 6.57 14.63 101.45 0.422
L, >48.4 6.70 0.450
18:0,14:0 Lg <17.7 6.58 0.419, 0.408
Pg 17.7 to 32.2 6.13 12.61 98.1 0.425
L, >32.2 6.01 0.457

aDiffraction measurements for the gel and liquid crystal phases were taken at temperatures in which the phase was stable. Ripple phase
measurements were taken at the maximum value ofigh@eak.
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FIG. 5. WAXS diffraction patterns fofa) theL s , (b) thePg/,
(c) the L, phases of fully hydrated 18:0,14:0 PC measured at 9.9,
L andL, phases whera tends to infinity. 21, and 33.4 °C, respectivelyy)) the L, phase of fully hydrated

On heating ¢, initially increased rapidly from about 95.5 16:0,18:0 PE measured at 13.5 °C.
at 17.5 °C, the lowest temperature at which it could be reli-
ably measured, to a value of about 99.5 at 20 °C and theshown in Fig. 3 are presented in Figdas-5(c). A pattern
more slowly to a maximum of about 102 at 30 flg. 4b)].  for the untiltedL ; phase of 16:0,18:0 PE is shown in Fig.
On cooling, the behavior is very similar apart from a slight5(d) for comparison purposes. The pattern for the low-
(1-2 °Q displacement of the curve to a lower temperaturetemperature phasgig. 5@)] consists of a relatively sharp
0., would be expected to be 90° if the lipid chains werepeak centered at@=21.18° @=0.419 nm) with a shoulder
either all parallel to the normal to the layer plare the at 20=21.76° @=0.408 nm). This type of pattern, as
average tilt in the two sections of the ripple were equal andshown by Tardiewet al.[10], is typical of anL 4z phase and
opposite. This is likely to be the case only if the ripple phasecorresponds to a quasihexagonal lattice in which the acyl
is symmetric. The observed deviation in the valueéyf chains are tilted with respect to the bilayer normal forming
from 90° strongly suggests that the ripple phase is inherentlpne group of four closely spaced chains with two chains at a
asymmetric. In generalg,, would be expected to increase slightly larger separation. The WAXS pattern for tke;,
with increases in the disparity between and ¢,, the angle phase[Fig. 5b)] consists of a single peak again centered at
of tilt with respect to the bilayer normal in the two ripple d=0.419 nm. This peak is symmetrical indicating that the
sections. Given the relatively small changes in value.of lipid chains are packed on a regular hexagonal lattice. It is,
this might be expected to be reflected in an increase in rippleowever, considerably broader than the corresponding peak
amplitude. This is consistent with the scanning-tunneling mi-of conventionall ; phases formed in planar bilayefsf.,
croscopy results of Woodward and Zasadziri4lé] showing  Figs. §b) and 8d)], reflecting the tilt of the chains in the
that the ripple is inherently asymmetric and that its amplitudeP ;; phase. The pattern for the, phasgFig. 5(c)], as would
increases steadily with temperature before falling rapidlybe expected, consists of a single broad diffuse reflection.
back towards zero as the system enters the plapghase. Ripple phase formation in unsaturated molecular species.
The value ofdg remains almost constant at 6.7 nm through-Verkleij et al. [4] and Ververgaertt al. [5] have reported
out the ripple phasfFig. 4(a)] suggesting that ripple asym- freeze-fracture evidence for the formation of ripple phases in
metry and amplitude have little effect on the average bilayed8:1,18:0 PC and 16:0,18:1 PC. The formation of a ripple
and interbilayer water thicknesses. phase in unsaturated PC derivatives has, however, largely

Typical WAXS diffraction patterns for the different been ignored, probably as the result of a general failure to
phases of 18:0,14:0 PC seen in the gray-scale SAXS pattefind evidence for a pretransition in these lipids using DSC
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its normal (L z— P/) transition temperature as shown in Fig.
8(b). The transition temperatures cited in Table lll, it should
be emphasized, were measured on fully hydrated samples of
the lipids where hysteresis is less of a problem and the tran-
sition between thé; and P/ phases is much more clear-
cut. Hysteresis still occurs, however, as illustrated in the
freeze-fracture electron micrograph showing the presence of
this “locked-in” ripple phase in a sample of fully hydrated
18:0,18:1 PC thermally quenched from26 °C shown in

Fig. 6(c).

In the case of 18:0,18:2 PC, ripple phase formation occurs
at—17.2 °C. This is several degrees below the freezing point

FIG. 6. Typical freeze-fracture electronmicrographs showing theof ice in our x-ray samples even though they are prone to
pretransition ripples ofa) 18:0,18:1 PC(b) 18:0,18:2 PC thermally ~ supercooling. This lipid undergoes a further transition to a
guenched from 5 ane-26 °C, respectively, ancc) 18:0,18:1 PC  gel phase at-28 °C. In contrast to the other unsaturated
thermally quenched from-26 °C. The bar represents 200 nm. lipids, 18:0,18:2 PC appears to transform directly from the

gel phase back into thie, phase on reheating without pass-
techniques. We have confirmed the original freeze-fracturéng through an identifiable ripple phase. This probably re-
findings for 18:1,18:0 PC and, as illustrated in Fig. 6, alsoflects freeze-dehydration effects that are much more severe at
find clear evidence for ripple formation in 18:0,18:1 PC andthese low temperatures.
18:0,18:2 PC. In all cases the ripples appear to be standard Formation of long-wavelength rippleS.he presence of
asymmetric pretransition ripples of the type commonly seersymmetric ripples with a wavelength about twice that of the
for saturated PC derivatives. SAXS diffraction patterns ofnormal pretransition ripples associated with g phase
ripple phases formed by 18:0,18:1 PC, 18:1,18:0 PC, antlas been widely reported in freeze-fracture studies per-
18:0,18:2 PC are presented in Fig. 7. ValuesNpd,, and formed on lipid mixtures containing PC derivativiz9,54—
0, for these lipids are listed, together with the correspondindgs8]. Related structures, some symmetric and some asymmet-
phase transition temperatures, in Table IlI. ric, have also been reported to occur as minor components in

Transition temperatures were normally measured usingure PC samplel25,26]. Apart from the report of Yaet al.
heating scans as marked hysteresis was observed in the copl9] of the presence adecondary ripplesn di-16:0 PC, the
ing scans. This is illustrated for a partially hydrated sampleexistence of long-wavelength ripple phases does not appear
of 18:0,18:1 PC in the SAXS measurements presented in Figo have been observed in x-ray diffraction studies on pure PC
8(a). In this sample, the characteristig,1) diffraction maxi-  samples.
mum is clearly observable down to temperatures of at least We found little evidence for the existence of long-
—55°C. On reheating the ripple phase first anneals out tevavelength ripples in the x-ray diffraction patterns of most
yield anL 4 phase. It then reforms when the sample reachesf the fully hydrated lipids that we examined. A clear reflec-
tion at very low angles was, however, observed, in a sample
of 18:0,16:0 PQlipid/water 1:0.5 w/w freshly cooled from
(10) theL, phase. Diffraction patterns showing this reflection are

l presented in Fig. 9. The upper diffraction pattern in this fig-
ure shows a reflection &=0.0725 nm?* (d=13.7 nm) cor-
a responding to thé01) spacing of the conventional pretransi-

l tion ripple and a reflection atS=0.0396 nm?! (d
=25.3 nm) that we attribute to th@®1) spacing of the sec-
ondary ripple. As the sample was cooled, the reflection as-
sociated with the pretransition ripple reduced in intensity
while that from the long-wavelength secondary ripple in-
creased. Below about 28 °C, the reflection from the pretran-
sition ripple disappeared and the long-wavelength ripple re-
flection broadened and shifted to a limiting spacing Sof
l =0.0269 nm?* (d=37.2 nm), yielding the diffraction pat-

tern shown in the lower trace in Fig. 9. On reheating, the
spacing associated with the pretransition ripple reappeared
and there was again clear evidence for the coexistence of the
two ripple forms. The wavelengths of the two ripple phases
0 01 02 S 03 04 05 06 varied with temperature but their ratio remained close to
(nm’) 1.8:1 suggesting that they were closely related.

FIG. 7. SAXS diffraction patterns exhibiting the ripple phase in  NO sign of this long-wavelength spacing was observed in
fully hydrated samples of unsaturated PC derivatifa<18:0,18:1  the initial heating scan of the sample suggesting that these
PC at 2.0 °C,(b) 18:1,18:0 PC at 7.5 °C, an@) 18:0,18:2 PC at longer-wavelength ripples are specifically formed as the
—19.1 °C. The positions of th@®1) and(10) maxima are indicated Sample cooled from the , phase. The intensity of th@1)
by arrows(cf. Fig. 2. spacing of the pretransition ripple on cooling is always much

(01)

log1o Intensity (arbitrary units)
(o]

1 1 1 1 s




3668 CUNNINGHAM, BROWN, WOLFE, WILLIAMS, AND BRAIN PRE 58

TABLE lll. Wide-angle diffraction spacings, bilayer repeat spacing, and ripple wavelengths of the series of fully hydrated samples of
mixed acid PC derivatives with one;£chain and the other chain variable in saturation. All data were taken from heating (sgappt
where indicateg

bilayer ripple monoclinic wide angle
temperature repeat wavelength angle reflections
PC phasg range(°C) (nm) (nm) °) (nm)

18:0,18:1 Lg <-1.3 6.44 0.419
Py —-1.31to 3.9 6.86 15.98 100.8 0.425

L, >3.9 6.66 0.444

18:1,18:0 Lg <1.2 6.47 0.422

Py 1.2t0 7.5 7.38 15.29 0.428

L, >7.5 6.86 0.434

18:0,18:2 Lg <-282 6.48 0.419
Pg —28.2 t0 —19.1 7.31 15.99 93.5 0.425

L, >-19.1 6.34 0.434

aDiffraction measurements for the gel and liquid crystal phases were taken at temperatures in which the phase was stable. Ripple phase
measurements were taken at the maximum value ofigh@eak.

bDiffraction measurements for 18:0,18:2 PC were taken during a cooling scan. The ripple phase forms only during cooling.

‘We were unable to determine accurately the ripple wavelength and monoclinic angle for this lipid. The value report€fl)speek.

lower than the corresponding peak in the initial heating scad0 °C), directly following cooling from thelL , phase, are
indicating a high degree of sample disorder. It is possibledlominated by the presence of standard pretransition ripples
that conditions favorable to the formation of these longer-with a wavelength of about 13.3 nm, as shown in Figal0
wavelength ripples, which we suspect to be identical to theCorresponding replicas quenched from temperatures below
secondary ripple reported by Ya&t al. [19], exist in the the transition range are characterized by large areas of planar
freshly cooled samples but that such ripples anneal out obilayer arising from ar.z, phase lipid together with smaller

prolonged equilibration at lower temperatures. areas of long-wavelength ripple. Two distinct types of long-
Freeze-fracture replicas prepared from samples of thisvavelength ripples were seen in such replicas. One type,
lipid thermally quenched from the pretransition rari@®—  shown in Fig. 10b), had a similar asymmetric cross section

to pretransition ripples but is of longer wavelength and is

much more variable and nonuniform in appearance. This
woote type appears simply to correspond to collapsing pretransition
©1) ripples.
The other type, shown in Fig. 1€, was symmetrical in
l cross section and much more uniform in wavelength. It is
almost certainly this more uniform type of ripple that corre-
m n ssc sponds to the secondary ripples detected by x-ray diffraction.

The amounts, and the distribution of this type of ripple in
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FIG. 10. Typical freeze-fracture electronmicrographs showing 10 12 14 16 18

(a) the pretransition ripples of 18:0,16:0 PC in a sample thermally
guenched from 37 °C an¢b) and (c) two types of longer wave-
length ripples seen in samples thermally quenched from 15 °C. The FIG. 11. Plot showing the dependence of the value$,gpand
bar represents 200 nm. T, of different PC derivatives as a function of chain length. The
upper and lower curves are based on publishigdand T, values

different samples, appear to be very dependent on the thefor a series of homo di-acyl & to C;5 PC derivativesO) taken
mal history of the samples in a way that it is still unclear, from Wack and Webl§1989, respectively. The corresponding val-
accounting for its apparent elusiveness in x-ray diffractionues for the mixed chain saturated derivatives 18:0,14:0 PC,
studies. 18:0,16:0 PC, and 16:0,18:0 R@®) and the unsaturated derivatives
18:0,18:1 PC, 18:0,18:2 PC, and 18:1,18:0(l} examined in this
study are fitted to the plot on the basis of thEjf values to indicate
their effective overall chain lengths.

The three main areas investigated in this study are the
effect of changes in the length, saturation, and position of théere, all have equivalemt; values slightly greater than the
acyl chain on the occurrence and temperature range of tHength of their shorter chain but appreciably less than that of
ripple phase; the formation and molecular organization of théheir longer chain. This is consistent with the view thigtis
ripple phase; and the relationship between pretransition anldrgely determined by chain-chain binding between the or-
long-wavelength ripple phases. dered sections common to both el andsn-2 chains. The

Effects of chain length, position, and saturaticBevc unsaturated lipids have much lower equivalegtvarying
[45] has developed a simple model to describe the rippldrom close to 12.5 for 18:0,18:1 and 18:1,18:0 PC to close to
phase based on the idea that ripple phase formation involvekl.1 for 18:0,18:2 PC, again consistent with the findings of
a mutual sliding of the acyl chains of the lipids along their Cevc[9].
long axes that is driven by an increase in headgroup hydra- The values for the temperature span of the ripple phase
tion. Using this model he has shown thB}, and Ty, the  (Tyy-Tp) of these two groups of lipids are plotted against
temperatures of thel(;; —P4/) and (Pg —L,) phase tran- their equivalent chain length in Fig. 12. The derivatives with
sitions, respectively, of saturated homoacyl PC derivativesiwo saturated chains of different length show larger pretran-
fit the following simple phenomenological equations:

chain length

DISCUSSION

T = 400(1— 1.8h,— 25.12), ) %r
Tp,=4141-2.8h.—21.52), 3

where n; is their chain length. A plot showing the fit of
published values for a series of such derivatives to these
equations is shown in Fig. 11. The corresponding values for
the PC derivatives studied in this investigation, have been
fitted to this plot on the basis of their,, values. The chain
length of theequivalenthomoacyl saturated lipid can then be 4
read directly from the plot. 10 12 14 16 18
In a related analysis of the dependencd gfin monoun-
saturated PC derivatives on the double bond posj@dit is

shown that their gel phases are principally stabilized by van g, 12, plot ofT,-T, values as a function of chain length for
der Waals interactions between the upper saturated parts gfe series of homo di-acyl Gto C, PC derivativegO). The cor-

the chains, that chain-chain interaction in the disordered reresponding values for the mixed chain saturated derivatives
gion(s) containingcis-double bongs) is minimal, and that 18:0,14:0 PC, 18:0,16:0 PC, and 16:0,18:0 (@) and the unsat-
contributions of the shorter saturated tail sections of the lipurated derivatives 18:0,18:1 PC, 18:0,18:2 PC and 18:1,18:0 PC
ids to gel-phase stability are relatively small. In the cases ofm), plotted as a function of their effective overall chain lengths as
the three saturated mixed chain-length derivatives studiedstimated from Fig. 11, are included for comparison purposes.
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sition temperature spans than their equivalent homoacyl sat@llel to the bilayer normal. As they point out, it is difficult to
rated lipids while those containing unsaturated chains arbe sure in such measurements whether the values obtained
characterized by smaller spans. These differences can readilgr ¢’ are a true reflection of the average tilt of the chains
be explained, at a qualitative level at least, in terms of thewith respect to the bilayer or simply reflections of the algae-
sliding chain model. As the chains of the homacyl saturatedbraic sum of the contributions of the bilayer thicknesses of
lipids slide past each other on formation of the ripple phasegel and liquid-crystal phase components present in the ripple
there is a loss of chain-chain interaction reflecting a reducphase. They concluded, on the basis of measurements of the
tion in the length of overlapping regions of ordered chains inincremental change in the value @f with chain length, that
neighboring lipids. In the case of the saturated mixed-chaiehain tilt was the major contribution to their value for .
derivatives, in contrast, as the acyl chains slide past eachhe inference of this is that the physical state of the lipids is
other, the previously disordered tail sections of the longekimilar throughout the ripple profile.

chains are now available to line up alongside the ordered gynet al.[20] have recently reported calculations of the
chains of neighboring lipids. The activation energy requiredg|ectron density profiles of the ripple phase of di-14:0 PC
to initiate chain sliding is _thus lower and the thres_hold teM-pased on the same data but using a different modeling ap-
perature for such motion is reduced. Conversely, in the cas§;oach Their calculations confirm the sawtooth profile but

of lipids containing disruptivesis-double bonds, chain slid- predict that its two segments are quite different in organiza-

ing leads to these bonds being drawn up into a previousI){ion. The major segment was found to have a head-to-head

ordereq reglpn'resultln_g na greate.r thgn hormal dlsrUpthrﬁ)ilayer thickness of 3.79 nm, very similar to the value of 3.7
of chain-chain interactions. The activation energy for chain

sliding is correspondingly higher and the threshold tempera[]m found for the gel phase, while that of the minor section

ture is raised was found to be 3.1 nm, more typical of the phase.

Formation and molecular organization of the ripple If correct, the ripple might be expected to be equivalent to
phase.The driving force for formation of the ripple phase @ Mixture of gel and liquid-crystal phase lipid in the approxi-
according to the Cevc model is headgroup hydration assocMate proportions of the lengths of the two sides. This corre-
ated with an increase in exposure to the aqueous phase. THiBonds to approximately 70% gel and 30% liquid-crystal
increased exposure of the headgroup tends to lead to an iRhase. If there is approximately 30% liquid-crystal phase
crease in the cross-sectional area of the headgroup puttidgid in the ripple phase, this might be expected to be detect-
the cohesive chain-chain interactions under stress. This ingble in the WAXS diffraction pattern. Typical patterns for
balance between the forces acting in the headgroup and acyle P; and L, phases of 18:0,14:0 PC are shown in Fig.
chain regions is similar, but acting in an opposite manner, td3(a). The difference pattern obtained by subtraction of 30%
that invoked by Grunef59] and Tate and Grund60] in  of the pattern of thé., phase from that of th® phase as
their explanation of the phase behavior of kpids. In the  a whole is shown in Fig. B). This pattern, which might be
H,-forming lipids, where the headgroups occupy less are@xpected to correspond to the contribution of the major side
than their acyl chains, it tends to separate the two monolayef the sawtooth, is clearly different from that of the total
ers imposing a negative curvature on the monolayers leadingattern for theP, phase but is still of a shape consistent
to the formation of cylindrical inverted micelles. In the PC with the idea that the gel phase can be represented as a tilted
system, the opposing monolayers will tend to bend in theset of hexagonally packed rods along the lines suggested by
opposite direction in an attempt to form the correspondingTardieuet al.[10]. The model suggested by Sanal.[20] is
micellar system. This, however, is prevented by the relativehus at least reconcilable with our WAXS data.
incompressibility of the lipid acyl chains. The imbalance be- Relationship between pretransition and long-wavelength
tween the expansive forces associated with increased headpple phasesAlthough there is still room for disagreement
group hydration and the cohesive forces associated witbn the analysis of the precise electron density profile of the
chain-chain interactions within the bilayer appears to beipple phase, there appears to be little doubt that the standard
most easily relieved by a buckling of the bilayer to form the pretransition ripple is an asymmetric sawtooth structure. This
ripple phase. If the lipid molecules were perfectly cylindri- conclusion is fully supported by freeze-fracty@s,26 and
cally symmetric, this buckling would be expected to be sinutunneling electron microscopy studigz8]. The situation re-
soidal with no preferred axis with respect to the plane of thegarding long-wavelength ripple phases is less clear-cut. In
bilayer. In practice, lipid molecules are inherently asymmet-our studies, we observe two distinct long-wavelength forms.

ric giving rise to a ripple phase. One of these is clearly asymmetric and closely resembles the
Electron density profile calculations performed by Wackpretransition ripplgcf., Figs. 1@a) and 1@b)]. It is com-
and Webl{ 16] show that the pretransition ripple pheBg: , monly observed in samples of saturated PC derivatives that

in agreement with electron microscopy studies, is asymmetiave been recently cooled below their normélg(-Pg/)

ric with a sawtooth profile. The precise interpretation of thephase transition temperatures. This form, which is somewhat
organization of the lipid molecules within this sawtooth is, variable in wavelength, does not give rise to an x-ray diffrac-
however, still uncertain. These workers estimated an averag®n peak and appears simply to reflect the presence of pre-
value of 34°-41° forgp’, the average tilt anglevith respect transition ripple phases that have not reequilibrated with the
to the normal of the average layer lintor the ripple phases bulk phase. The other, less common, form is symmetrical in
of di-C;, through to di-Gg PC. This analysis was based on a profile [Fig. 10c)]. It appears to be related to the pretransi-
comparison of the measurements of projected chain area, dion ripple in that x-ray diffraction measurements indicate
the average layer plane of the bilayer with the correspondinghat the ratio of the wavelengths of the two types of ripples is
calculated values for the fully extended chains oriented parfixed in their coexistence range.
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possibly explaining why these more complex ripple forms
are not normally observed on heating equilibrated gel phase
samples.

CONCLUSION

This study has explored the dependence of the ripple
phase on unsaturation and length of the acyl chain in phos-
phatidylcholines. We found that the temperature dependency
of the ripple wavelength, stacking repeat, and monoclinic
angle defining the unit cell are consistent with an asymmetric
ripple having an amplitude that slowly increases with tem-
perature. The ripple asymmetry and amplitude appear to
have little effect on the average bilayer and interbilayer wa-
ter thickness. The WAXS data are consistent with the model
10 20 30 suggested by Suet al.[20], in which the minor side of the

20 (degrees) ripple sawtooth has gel-like properties and the major side of
the ripple sawtooth has liquid crystal-like properties. A fur-
ther investigation of the acyl chain packing may help eluci-
b date the characteristics of the acyl chains in each section of
the ripple phase sawtooth structure.

The temperature spans of the ripple phases of saturated
mixed-chain PC derivatives were found to be larger than
those of homoacyl derivatives of the same equivalent length.
In contrast, the temperature spans of the ripple phases of PC
derivatives containing unsaturated chains were found to be
smaller than those of the equivalent homoacyl derivatives.
This is consistent with a model involving a mutual sliding of
the acyl chains along their long axes that is driven by an
increase in headgroup hydration suggested by C4&c The
activation energy for chain sliding is reduced for saturated
chains due to an ordering of the tail sections of the longer
chains resulting in a lowering of the threshold temperature,
26 (degrees) whereas the activation energy is increased for unsaturated
chains due to the disruptivas-double bonds resulting in an
increase in the threshold temperature.

A variety of secondary ripples are produced in phospho-
lipids depending on sample preparation and thermal history.
A secondary ripple phase with a wavelength of about 1.8
Itimes greater than the conventional pretransition ripple phase
was observed in our samples. These ripples are symmetric in
cross section, form only on cooling from the, phase, and
persist to much lower temperatures than the pretransition
eripple. The symmetric ripples may form when two opposing
|§ections of tilted gel phase merge as suggested by Meyer

prising that unusual ripple profiles will be generated in their[26]' Flf[r.ther |gvest|gatlotn. of these sec?r:ﬁary rt|pples],c Er?th
intersecting regions. With this in mind, the idea put forwardSYMMELNC and asymmetric, may reveal the nature of their

by Meyer that symmetrical ripples may be based on tWor)roducti(_)_n as well as the nature of the production of the
opposing sections of tited gel phase, each of which is similaP"€transition ripple.

in organization to the long side of the sawtooth pretransition
ripple, seems to be particularly worthy of careful consider-
ation. It is noteworthy in this context that by virtue of its  The support of the ESPRC and the technical assistance of
tilted chains, thel ;» phase has an in-built directionality, the staff of SRS, Daresbury are gratefully acknowledged.

Intensity (arbitrary units)

Intensity (arbitrary units)

10 20 30

FIG. 13. Comparison ofa) the measured WAXS diffraction
patterns of theP; andL, phases of 18:0,14:0 PC art) the
pattern calculated by subtraction of 30% of the pattern forlthe
phase from that of th®,, phase.

The nature and origin of these symmetrical ripples is no
fully clear. They appear to form as the lipid cools from the
L, phase. On cooling from thé , phase, pretransition
ripples with mutually different orientations will inevitably be
formed simultaneously in different parts of the bilayer. Thes
will propagate towards each other and it is perhaps not su
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