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Structure and fluctuations of phosphatidylcholines in the vicinity of the main phase transition
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We have determined the structural properties and bending fluctuations of fully hydrated phosphatidylcholine
multibilayers in the fluid(L,) phase, as well as the structure of the ripffiy,) phase near the main phase
transition temperaturé€Ty,) by x-ray diffraction. The number of carbons,c, per acyl chain of the studied
disaturated lipids varied from 14 to 22. All lipids exhibit a nonlinear increase of the lamellar repeat digtance
in the L, phase upon approachirlg,, known as “anomalous swelling.” The nonlinear increase reduces with
chain length, but levels off at a constant value of about 0.5 A for lipids with more than 18 hydrocarbons per
chain. A detailed analysis shows that anomalous swelling has two components. One is due to an expansion of
the water layer, which decreases with chain length and finally vanishegdor 18. The second component is
due to a bilayer thickness increase, which remains unchanged in its temperature dependence, including a
nonlinear component of about 0.5 A in the vicinity Bf,. Thus, anomalous swelling above 18 hydrocarbons
per chain is due to the pretransitional effects on the membrane only. These results are supported by a bending
fluctuation analysis revealing increased undulations clo3gtonly for the short chain lipids. We have further
calculated the electron density maps in the ripple phase and find no coupling of the magnitude of the ripple
amplitude to the chain length effects observed inltheohase. Hence, in agreement with an earlier report by
Masonet al. [Phys. Rev. E63, 030902(2001)] there is no connection between the formation of the ripple
phase and anomalous swelling.
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[. INTRODUCTION phase is often seen when the system is cooled into the ripple
. . phase from the., phase[7], for which an electron density
Model membranes compqsed _of phospholipid species ai@ap has been reported only very recerigy. Finally, PCs
well recognized for many biological and technological as-with 17 hydrocarbons per chain and above were found to
pects. One of the most disputed but still not fully understoodexhibit a so-called submain transition slightly beldyy, in
fundamental issues concerns the physics of the main phasgghich parts of the chain packing were found to become fluid,
transition of phosphatidylcholing®Cs, which is driven by L -like [9,10.
a change of the hydrocarbon chain conformation from an We focus primarily on the changes of the structural and
all-transto atrans-gauchestate. Below the main phase tran- mechanical properties of tHe, phase as a function of tem-
sition temperaturd,,, many phosphatidylcholines exhibit a perature close td,. Here, many studies have reported a
lamellar phase with in-plane regularly spaced ripples, denonlinear increase of the lamellar repeat distadcapon
noted as thed®, phase[1,2]. Above Ty the lipid-water sys- lowering the temperature towarf}, [11-21. Furthermore,
tem is in the lamellal, phase, which is characterized by other membrane parameters, e.g., the bilayer permeability
strong collective bilayer fluctuations and a vanishing sheat22,23, heat capacity24], fluorescence lifetim¢25], NMR
modulus. Thel, phase is considered to be the biologically Order parametej26], or ultrasound velocity27], were also
most relevant phase. found to exhibit anomalous be_haV|or m_thls regime. All _these
Both phased., and P, respectively, have been studied effe_cts can be understood basically by mcreasgd density fluc-
extensively overarecent (leecades. However, a microscopic u uations as the system approaches the transition temperature
derstanding of both structures and their changes with te __28,253. It was suggeste{ﬂ?,Sq that these density fluctua-
. . S . ions may be an intrinsic bilayer property and that the tran-
perature especially in the vicinity dfy, is a matter of ongo-

: . ) sition is weakly but pure first order. However, it has also
ing research. Even with good electron density mighd] the ooy argued that these fluctuations may be due to the vicinity

confo_rmations .Of the Iip_ids in the ripple_z phase are still UN"5t a second-order transition, which is preempted by a first-
certain. One view that is consistent with structural StUd'e%rder one[31,32 '

[3,5] is that the ripples are related to the coexistence of al-
ternating fluid and gel domains, and various theories hawtan
been proposed to rationalize this mof&l In contrast, it has
been suggestejd] that the ripple phase can consist entirely
of gel-state lipid molecules. Further, a metastable rippl

So far, consensus appears to have been reached only on
e effect of the fluctuations on the global physical properties
of the multibilayer systems: The density fluctuations in the
vicinity of Ty, lead to a reduction of the bilayer bending
erigidity [30,33-3%, which we have confirmed recently by
x-ray diffraction[21]. This causes increased thermal bilayer
undulations, which lead to an expansion of the interstitial
*Author to whom correspondence should be addressed. FAXwater layer{12,21] due to enhanced steric repulsion of adja-
+43 316 4120 390. Email address: Georg.Pabst@oeaw.ac.at ~ cent bilayers[36]. In our previous study on dimyristoyl
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phosphatidylcholinéDMPC) we found that this effect domi- 108 ®
nates the nonlinear increasef21]. However, there is also Z 104 ]
a small but significant nonlinear contribution from the hydro- 5 403

carbon chains of about 0.5 1], also reported from NMR g 102

measurementfl6,2§. i >

Deeper knowledge of the individual contributions to
anomalous swelling from systematic studies on a homolo- 105

gous series of different chain-length lipids is still largely 7 100 (b)
lacking. Several studies have reported an enhancement of the 5 103 |
pretransitional effects upon decreasing the chain length £ 107

[14,18,26,29 although a most recent study shows a break in
this trend for dilauroyl phosphatidylcholinedDLPC) [37]. 10°
From an earlier study by Lemmiot al. [14] on perdeuter- 00 01 02 051 04 05 06
ated DMPC and dipalmitoyl phosphatidylcholigBPPQ it atr)
is known that the bilayer repulsion decreases as the chain g5 1 piffraction patterns of DMPC at 297.2 ) in the L
length is increased. It is not clear, however, whether this, oce ang at 296.9 Kb) in the P, phase(Ty=297.0 K. The
trend extends to !onger-c;ham lipids. If SO, we expect that th_ ipple phase is easily identified by the in-plane ripple spacing of
anomalous swelling vanishes at a certain chain length. It igy .« 118 Adindicated by arrow
also not clear how the nonlinear component of the bilayer
thickening in the vicinity ofTy, depends on chain length. ) . )

In the present paper, we report x-ray diffraction studies a§holine (DSPC, 18:0, 1,2-dinonadecanoylphosphatidyl-
a function of temperature and hydrocarbon chain length ofholine (DNPC, 19:0, 1,2-diarachidoylphosphatidylcholine
disaturated phosphatidylcholine multilamellar dispersions(20:0), and 1,2-dibehenoylphosphatidylcholifi2BPC, 22:0
Consistent with earlier studig44,18, we find that the am- were purchased from Avanti Polar Lipid#\labaster, Al
plitude of anomalous swelling reduces at chain lengths in th@nd used without further purification. Dispersions of fully
range of 14 to 18 hydrocarbons per chain. For longer chaifydrated multilamellar lipid vesicles were prepared by dis-
lipids, however, the swelling amplitude does not reduce fursolving weighted amounts of lipid in an organic solvent of
ther but exhibits a constant nonlinear component of about 0.8HCl;-CH3;OH (2:1, v/v). The solvent was removed by plac-
A. Decomposition ofd into the membrane thicknesiy and  ing the sample first under a stream of Bnd subsequently
water layer thicknessl,, shows that the contribution to under vacuum for 12 h. This yielded a dry lipid film on the
anomalous swelling by the water layer expansion reduceBottom of the glass vial, which was rehydrated using double-
with increasing chain length and finally vanishes above 1&jistilled—deionized water to obtain samples of 25 wt % lipid.
hydrocarbons per chain. In agreement with this result we fingcomplete hydration of the samples was achieved by keeping
a sudden increase of bending fluctuations in the vicinity ofhe samples at least 10 K above the main transition tempera-
Ty only for phospholipids with less than 19 hydrocarbons,re and applying intermittent vigorous vortex mixing. Fur-
per chain. In contrast, the increase of the membrane thickye, annealing of the samples was achieved by repeating
ness with decreasing temperature, and in particular its NONfee times a heating-cooling cycle through the main phase

linear component, in the vicinity of,, of about 0.5 A does . . i .
not depend on the chain length. Thus, the nonvanishing pret[anS'tlon' Samples prepared in this way display a narrow

transitional swelling of the long-chain lipids is caused by themelting transition_o_f 0.12K-0.18 Kiull width at ha_lf maxi-
bilayer thickening. mum) as was verified by independent calorimetric measure-

In view of an earlier report on the possible coupling of MeNts (scan rate 0.1 K/min, data not showrThin-layer
anomalous swelling to the formation of tiR, phase[20], ch(omatography tests carried out before and_ after experimen-
we have computed the electron density maps of fully hy-fation showed no signs of sample degradation.
drated DMPC, DPPC, and diarachidoyl phosphatidylcholine
(DAPCQ) in the ripple phase. From the low-resolution maps
we have derived the magnitude of the ripple amplitude, B. X-ray measurements
which increases as a function of chain length. This depen- piffraction studies were carried out at the Austrian small-
dence correlates neither to the available water spacing nor #ghgle x-ray scatteringSAXS) beamline[38,39 (Sincrotrone
its relative increase in the very vicinity Gfy approaching  Trieste, Italy using a one-dimensional position sensitive de-
the transition from above. Hence, in agreement with MasoRgcior [40], which covered they range(q=4 sin 8/)\) be-
et al. [20], in our work the formation of the ripple phase y0on'0 03 and 0.6 R ata photon energy of 8 keV. Record-
occurs independently of anomalous swelling. Furthering the scattered intensity over a brogdrange has the
complementary to Ref20] we show that the ripple phase advantage that the phase of the lipid-water system can be

forms even if there is no increase of the water spacing UsShferred immediately by visual inspection of the diffraction

aboveTy. patterns. In this way it is simple to discekn phase diffrac-
Il. MATERIALS AND EXPERIMENTAL METHODS tion patterns fronP, phase patterng-=ig. 1). Only L, phase
diffraction patterns were considered for applying the full
A. Sample preparation g-range data analysigtl] (see below. Silver behenatéd
1,2-dimyristoylphosphatidylcholing14:0), 1,2-dipalmi- =58.38 A[42]) was used as a standard to calibrate the angu-

toylphosphatidylcholine(16:0), 1,2-distearoylphosphatidyl- lar dependence of the scattered intensity. The instrumental
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resolution was determined to have a full width at half maxi- 108 —,
mum of 8=2.2x 1073 AL, 108 £

For measurements, the liposomal dispersions were kept in 10¢ £
thin-walled, 1-mm-diameter quartz glass capillaries, which g -
were placed in a sample holder block of brass. The entry and 5 10
exit windows of the sample holder were covered with a thin L
polymer film in order to avoid any convection due to the - 10 e ”
surrounding environment. The polymer films were tested to 100 | ° ; o
give no contribution to the measured intensities. The tem- y o ‘
perature of the sample was controlled with a water bath to 10 00 01 02 03 04 05 086
within £0.1 K and measured with a Pt-100 resistance tem- q A"

perature detector placed in the vicinity of the capillary. The

samples were equilibrated for 10 min at each temperature FIG. 2. X-ray diffraction pattern of fully hydrated DAPC mul-
prior to exposure. The capillaries were horizontally shiftedtilamellar vesicles at 349.7 K. The data exhibit three quasi-Bragg
by 1 mm to an unexposed portion of the sample after everpeak reflections plus diffuse background scattering which becomes
second measurement in order to avoid radiation damageominant at higher scattering angles and is due to the variation of
Samples were exposed to x rays typically between 2 and the form factor withg. The pattern has been fitted in the fgltange
min. In the vicinity of T, the temperature steps were 0.2 K, according to Eq(1). The fit shows a good agreement with the

i.e., the transition midpoint could be determined with a pre_experimental data over four orders of magnitude in intensity. The
cision of 0.1 K. inset gives the corresponding electron density profile.

C. Data analysis with negative amplitude at the methyl terminus of the hydro-
carbon chain$21,41].

Figure 2 gives an example of the fit to our data. From the

The scattered intensities of the, phase diffraction pat- fits of our model we directly determine the lamellar repeat
terns were corrected for detector efficiency and backgroundpacingd and the Caillé fluctuation parameter d=dg+dyy
noise originating from the sample cell and water. The cordis then further decomposed into the membrane thickdgss
rected diffraction patterns were then analyzed by a previand the thickness of the interstitial water regidp. How-
ously developed algorithri41], which models the scattered ever, this is not trivial because of the low resolution of the

1. Fluid phase

intensity electron density profilgFig. 2). Nevertheless, the correct
5 quantitative values are, in this case, less important than their
|(q)=w (1) dependence on temperature and their correlation with
2 Therefore, as argued in detail befd&l], we define
in th(_a f_uII q range. The s.truct.ure factor of a si_n_gle doma}in dg = 2(z4 + 204), (3)
consisting ofN bilayers is given by the modified Caillé ) o .
theory[43] which cuts the probability distribution of the choline group

near its half valug47] and is therefore an estimate for the

N1 steric bilayer thicknes§48]. z, is the position of the head-
S.(@) =N+22 (N-Kcogkqd) group Gaussian with respect to the bilayer center apds
k= its width.
d\2 ) The membrane thickness can be further subdivided into
xexp-i5-)d Ly +In(mk] |, (2)  the hydrocarbon chain lengtl: and the headgroup thickness

dy. We have demonstrated before tatfollows essentially

and is averaged over a domain size distribution according t¢he temperature dependencedaf meaning thatly remains
Refs.[44,49 in order to obtainS(q). Further parameters ap- constant with temperatur21]. Thus, it is sufficient to re-
pearing in Eq.(2) are the Caillé parametey, and Euler's  strict ourselves to determining, dg,d,y, and ». For the ex-
constanty(=0.5772..). n is a measure of the bilayer fluc- perimental data of DAPC at 349.7 K shown in Fig. 2 we get
tuations that depend on the bending rigidity and the bulkd=71.7+0.1 Ads=52.5+0.4 Ad,=19.2+0.4 A, and 7%
modulus of compressiof46]. The Caillé parameter deter- =0.093+0.002.
mines the shape of the long power tails of the quasi-Bragg ,
reflections byl(q—gqy) = (q-q,) ™™, whereh is the lamel- 2. Ripple phase
lar diffraction order andy,~ »7;h. We obtain» by a global In contrast to the above described treatment of lthe
fit of the diffraction pattern, including all Bragg reflections phase, only the corrected intensities of the Bragg reflections
plus diffuse scatteringy therefore has to be regarded as anwere used to construct low-resolution electron density maps
effective parameter. (EDMs) of the stable ripple phase. No particular scattering

The second function appearing in K@) is the form fac-  theory is considered to describe the shape and the width of
tor F(q), calculated by the Fourier transform of the electronthe Bragg peaks. The shape of the peaks is in good approxi-
density model, which we define as the sum of three Gaussnation given by Lorentzian distributiorisee belowand the
ians, two centered at the electron-dense headgroups and ow&lth is mainly determined by the finite scattering domain
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size. Since the systems are not oriented with respect to a 74 | .
solid substrate, unlike those described in HdB], the ob- Tty
. 72 | ~— e
served patterns are powder averaged leading to an overlap- mo oy SN

ping of reflections. Moreover, in contrast to previous studies 70 | M\‘:q
a

on unoriented PC$2,3] the systems were not restricted in
their water content. This leads to an additional overlapping 68 | .
of Bragg reflections. Only those reflections which could be —
unambiguously indexed were used to construct the EDMs.
The procedure applied is described below; it yielded EDMs
of sufficient resolution to obtain robust estimates on the
lengths of the short and long ripple arms, as well as the
ripple amplitude.

The ripple phase, on a macromolecular level, constitutes a

d (A)

0 2 4 6 8 10 12 14

 MPpi . . . T-T, (K
two-dimensional oblique crystal lattigd—3,50Q, which be- u ()
longs to the centrosymmetric plane gropd [51]. Thus, the FIG. 3. Lamellar repeat distancefor various PCs as a function
cell parameters, b, and y define the positions of the Bragg of temperature difference with respect Ty, The symbols corre-
reflections in reciprocal space §§2] spond to data from the following lipid$®) DMPC (T, ~ 297 K);
e (O) DPPC (Ty~314 K); (W) DSPC (Ty~328 K); () DNPC
G 27\/ h°b” + k“a” — 2hkabcod ) (4)  (Tu~333 K), and(#) DAPC (Ty ~341 K). Adyy is the amplitude
a?b? sirf(y) ' of anomalous swelling, which is given by the deviation diff

. - -Ty) from a straight line, obtained by a linear regression in the
where h and k are the Miller indices. We have therefore temperature interval froff-Ty=3 to 10 K.

calculated the cell parameters from thg's determined by
fitting of Lorentzian distributions to the observed Bragg re-

: show the data on a single graph, the temperature has been
flections

shifted by subtracting the respectiVg’s. Clearly, all bilayer
1 28 Wi systems studied show a swelling, whép is approached.
(@) =— 22 [ (50 The deviation from a linear increase drntoward Ty, is most
A" {400 = 0™ + Wi pronounced for the shortest-chain lipid studigdMPC).
wherew,, is the peak width. The square root of the ampli- This agrees well with a previous study that reports an in-
tudes Ay, gives the absolute value of the form factdtg, ~ Crease in pretransitional swelling when the length of the hy-

needed to construct the EDMs on a relative scale by drocarbon chains is decreasgtB], where the number of
hydrocarbons per chain was varied from 13 to 16. Our data
p(x,2) = > > Frecod gl + qf'2), (6)  exhibit a swelling also for DAPC, i.e., 20 hydrocarbons per
h=0 k chain(Fig. 3). However, its amplitude is greatly reduced as

with qgk: 27h sin(y) and qgk: 2a{ka/b-h cogy)]. In order clearly observed in Fig. 4, where we have plotted the anoma-

to determine the corresponding phase, i.e., the sighaf lous componenid,, as a function of chain length to give an

; : - approximate characterization of the swelling.
Wi li impl rnr nition pr r - . X X .
e applied simple patte ecognition procedures as de Ad,, is estimated as follows. As in our previous report

scribed in[50] to discard unreasonable EDMs, and add|t|on-[21], we take the linear component of the swelling to be

ally calculated the fourth momeis3] “normal.” Such a linear increase af is also observed for
SIS FrneiFr i 2 phosphatidylethanolaming®E9 [20], known to show no
’ ’ pretransitional swelling. Moreover, the slopedt) for PEs

hk | h'k’
((Ap)*) = SR (7)  is the same as that afg(T) for DMPC [21]. Everything
(317 R
for all remaining phase combinations.{14p)*) is a mea- 3t 1
sure of the “smoothness” of the EDM. Accordingly, we \%\
choose the phase combination yielding the lowgaip)?). < ol \i |
We note, that this combined method works only for low- e
resolution data. For data sets with higher resolutionlud- 3 ~

by EDM models[3,8] is the better choice.

ing reflections up to the fourth ordem phase determination 11 \\\i % .

0
12 14 16 18 20
Ill. RESULTS AND DISCUSSION di PC

A. Chain length dependence of swelling amplitude FIG. 4. Chain-length dependence of anomalous swelling com-

Figure 3 presents our results for thealues as a function ponentAd,,. The ®’s correspond to present data, fiks to data by
of temperature and hydrocarbon chain length. In order t&orreman and Poss€lL8].
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[Fal
—
O
=

0 5 10 15 0 5 10 15
T-T,(K) T-T, (K FIG. 6. First-order quasi-Bragg reflections of DMPC and
DAPC. Panell@ shows DMPC at 297 KO) and 303 K(J) and
FIG. 5. Temperature dependence of the water layer thickiigss panel(b) DAPC at 341 K(O) and 353 K([). Solid lines show the
for DMPC (a), DPPC(b), DSPC(c). (d) shows the dependencies for fits of the Caillé theory structure factor to the data. The scattered
DNPC () and DAPC( #). Lines are drawn to guide the ey, intensities have been normalized to a peak value of 1. The data
increases neafly, for all lipids in panels(a—c), but remains clearly show increased fluctuations in the vicinityTgf for DMPC,
roughly constant for DNPC and DAP@). which is not observed for DAPQf. Fig. 10 belowy.

above the linear trend close T, then contributes to anoma- tories, may play a role. Several samples were prepared and
lous swelling. With this definition we determine the “nor- Mmeasured a second time, showing a variatiod af a given
mal” component of the swelling by a linear regression in thetemperature by about 1 A. This agrees with findings by
temperature rang&y, +3 K to Ty, +10 K (Fig. 3. The lower ~ Nagle and Tristram-Nagle, who report a variationdfor

limit of the interpolation range is set to be safely outside thehominally equal samples by alnto3 A for hitherto unclear
pretransitional swelling regime. The upper limit is arbitrarily reasong47]. Nevertheless, as long as the samples are nomi-
set to T-T,,=10 K. This upper limit is needed becaude nally fully hydrated there are no effects on the magnitude of
increases again at higher temperatu®4). The linear re- pretransitional swelling56]. Thus, with respect to the tem-
gression is then extrapolated Tg, and the difference of the Perature dependence df, only relative changes are of sig-
lastd value from this line giveQdan [55_' Results are shown nificance. In contrast, the membrane thickness should depend
in Fig. 4, which also contains data that we have estimate@n the chain length in a meaningful wesee below

from the results of Korreman and Possgl8]. While the The results oty can be cross checked by an analysis of
swelling, as stated above, decreases with chain length, fhe bending fluctuation parametgr The expansion ofi in

does not vanish completely, but remains constant, above 1€ vicinity of Ty, is driven by steric repulsion due to in-
carbons/chain at about 0.5 A. creased undulations as verified for DMRZL]. Hence, be-

cause of our results ody, we expect to detect increased
fluctuations only for lipids with fewer than 19 hydrocarbons
per chain.

In order to be able to attribute the chain-length depen- Because of the power law behavior of the quasi-Bragg
dence ofAd,, to the nonlinear increase of eithay or dy, we  peaks, increased fluctuations will show up as increased scat-
have analyzed the diffraction data in terms of the globaltered intensity in the tails of the relections. Figure 6 shows
model described in the material and methods section. Ththe first-order diffraction peaks of DMPC and DAPC close to
temperature dependence df, is shown in Fig. 5. Panels Ty and several degrees abolig. It is evident from the peak
(a<(c) show the data for DMPC, DPPC, and DSPC, forshapes, which are well reproduced by the model fits, that
which dyy, upon approachingy, first remains constant or DMPC shows increased fluctuations &g is approached
slightly decreases and then increases suddenly a few degreédg. 6(@)]. The increase of scattered intensity in the peak
aboveTy,. Although, given the experimental uncertainty, it is tails is clearly seen on the highside of the peaks. It is less
difficult to quantify the extent of the water layer expansion, itclear, but also present on the layside of the peaks due to
clearly decreases from about 1.5 A for DMPC to about 1.0 Athe modulation of the scattered intensity by the form factor.
for DSPC. In contrast, the,, results for DNPC and DAPC, |F(q)|> approaches a minimum in thisregime and accord-
presented in Fig. (), show no significant dependence oning to Eq. (1) suppresses the scattered intensity. This also
temperature. gives the peak its asymmetric appearance and underlines the

There is an obviously nonmonotonic variationdyf with  importance of considering the modulation of the form factor
chain length at a fixed—Ty. The bilayer separation for by the full g-range analysis. In contrast to DMPC, DAPC
fully hydrated bilayers in thé , phase is a delicate balance does not show an enhancement of the peak tails, Wheis
between attractive and repulsive forces. Hence, any smadlpproached but a clear reduction of fluctuatifpiig). 6(b)].
perturbation of the system due to, for example defects in- The temperature dependencies of the bilayer undulations
duced by small differences in preparation and/or thermal hisfor all lipids studied are presented in Fig. 7. Starting at high

B. Bilayer separation and fluctuations
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FIG. 7. Temperature dependence of the fluctuation parameter ~ FIG. 8. Temperature dependence of the membrane thicklyess
for (a) DMPC (@), (b) DPPC(O), (c) DSPC (M), and(d) DNPC ~ for DMPC (@), DPPC(O), DSPC (M), DNPC (L0), and DAPC
(O, dashed lingand DAPC(#, solid ling. Lines are drawn to (). The straight lines all have the same sldpe-0.14 A/K) de-
guide the eye. All data presented in pan@s{(c) show an increase termined from the DMPC data and show that the incremetgin

of fluctuations in the vicinity off;, not observed irfd). toward Ty is roughly the same for all lipids. Gregt’s show the
corresponding temperature behavior of s determined from

. the first moment of DMPGk,, DPPCdg,, and DSPCd;, (data
temperatures DMPC, DPPC, and DSPC first show a decrea§£(en from Ref[26]), appropriately scaled to the correspondiig

of » and then a sudden increase clos& o[Figs. 1a)—-7(c)]. data(see text
This increase in fluctuations is not found for the 19 and 20
carbons/chain lipids. Insteag,decreases for both lipids con- . . . .
tinuously asT,, is approachedFig. 7(d)]. These results con- attrlb_uted to a continuous red‘L‘Jctlon_tMns-%auchesomers,
firm our analysis of the water layer thicknegg. 5) [57]. conssteht with .the plctu_re of fregzmg-out of the hydrocar-
The increase of; appears closer @y, than the increase of bon chains. Microscopic modeling has suggested that the
dy- This is due to the analysis applied, which is less sensitiv@onlinear part reflects critical behavior in the chain stiffening
to changes in bending fluctuations than to changes in strud0c€s931l. Thedg data are much more scattered compared
tural parameter§21]. Hence, the increase of can be de- to d, Whlc_h is due to the h|_gher_uncerta|nt|es in this case.
tected only when fluctuations are most pronounced, i.e., judiOWeVer, if one draws a straight line through the DMPC data
above the phase transition. ex_h|b|t|ng the Ieas_t scatter and ShIfFS the line vertically it is
The increase of fluctuations can be directly attributed to aev_ldent that all I|p|ds_ follow _app_roxmately the_ same slope
sudden drop in bending rigidit{. causing a reduction of the (Fig. 8) Thus, thgre IS no significant change. in the oyergll
bilayer interaction parameted [21]. Both parameters are behavior of the bilayer thickness as the chain length is in-

directly related toy by (K.B)™Y2 The decrease oK. has creased. Figure 8 additionally shows, in excellent agreement
C " C

also been estimated from the evolution of the thermal hea\f\”.th our x-ray data, the temperature dependence:afeter-

capacity[34], shape fluctuation analysis of giant unilamellar mined from deuter:jum NMR megsglrements on perdiutergted

vesicles[33], an all-optical force methofB5], and most re- fDMPC' DPPC, and DSP26). Similar agreement is our}

cently by neutron reflectivity on a two-bilayer syst¢&8]. or NMR data on perdeuterate_d DMPC reported bY Nagle
Most interestingly, the last study also reports a reductio 1. [16], as _demonstrated prewous[IX{_l]. The comparison to

of K. for DNPC and DAPC, for which we do not observe an MR data is based on the assumption that the slightly lower

increase of fluctuations. The reason might be that for Iongetl-r"’mSit!on temperatures of the perdeuterated lipids are the
chain lipids the reduction df; has a smaller impact than for only c'ilfferen.ce from the nondeuterated analogs.
lipids with shorter chains. The bending rigidity of lipids gen- d; is obtained from the NMR data by applyirig6]
erally increases with chain leng{®9], which in turn sup- _
presses bending fluctuations for_the longer-chain lipids. Fur- dc=nye X (1.25 A[0.5 +V3M,/(7167 kH2], (8)
ther, the van der Waals attractions also and therefore the
coupling between adjacent bilayers increase with chain . .
length[60]. This again may suppress the increase of unduIa‘—Nher_enHC is the number of hydrocarbons per chain dngd
tions in the vicinity ofTy,. the first moment of the NMR spectra reported by Morretv
al. [26]. Finally, a constant is added to thd.2/alues in order

to obtain the best overall agreement to thelata reported in
Fig. 8. For the individual lipids this constant varied between

We now turn to the temperature dependence of the men20 and 22 A, which is on the order of double the steric
brane thickness. Results are presented in Fig. 8, all showinigeadgroup size for P(g48]. Note that this simple procedure
a gradual increase af, is approached from above. Addi- does not consider that in general chains may not be termi-
tionally, all lipids exhibit a small nonlinear component in the nating at the center of the bilay¢81]. However, the good
very vicinity of the transition point. The linear increase is agreement between the two data sets justifies its usage.

C. Bilayer thickness
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78 T ; - TABLE |. Chain-length dependence of the stable ripple phase
' I\l' 2 cell parameters of fully hydrated DMPQ96.7 K), DPPC(312 K),
..L 1 5§ and DAPC (338 K). The length of the long ripple\,, the short
771 wet !, | 2 ripple Ag, and its amplitudé& have been estimated from the electron
= ot |l- ;‘3 density maps presented in Fig. 1Pis the angle between the vec-
g I \\ | 2 torsa andb of the 2D monoclinic unit cell, given by Eq4).
! =
76 : | 2 ad) b@A) O MNA) rxA) AR
0}
A : W E 0 - . DMPC 1174 66.9 91.7 75 44 10
340 350 360 00 02 04 06 DPPC 136.8 72.1 95.3 100 42 13
. DAPC 1783 87.0 101.8 139 45 20
(@) TK) () q (A"

FIG. 9. (a) Temperature dependence of tthealue of DBPC in : L o
the vicinity of the main phase transitidiTy,=349 K). DBPC ex- Does this mean that the membrane behavior in the vicin-
hibits no ripple phase, but a gel phase of lamellar order as evilty of Ty is “normal,” further implying that the main phase
denced by the diffraction patteriiy taken about 1.5 K belowy, transition of PCs can be described in terms of a weakly first-
(b). The diffraction patterriii) shows the system abbti K above  order transitior{30]? Not necessarily. Density fluctuations in
Tw in the L, phase. one monolayer will in general not be correlated with the

. density fluctuations in the opposing membrane leaflet. This
The NMR data therefore support our finding tiigtde- 5y then give, on the average over time and space of the

z:lgaasge)s ,Jg;'?” ”ﬁ’lids with tmepfﬂrgué“?[ in i.zi_m”ar fasrlftonmeasurement, no measurable contribution to a critical or
ig. 8). itionally, since the ata exhibit less scatter i ; ;
thagn thedg’s we mgy use them to get a better estimate of theDSEudOCI’ItICBJ membrane thickening.
nonlinear bilayer thickening component, which turns out to D. Possible link to formation of riople ph fructur
be about 0.5 A, irrespective of the chain length. This agrees - rossible 0 formation ot fippie phase structure
well with the Ad,,s for DNPC and DAPC(Fig. 4), for It has been proposed that the hydration dynamics caused
which no NMR data are available. Combining all the evi- by pretransitional swelling are associated with the formation
dences presented, we therefore conclude that the relativsf the ripple phasg17]. It could be argued that this results
temperature dependencedyfis the same for all lipids. Con- from a freezing out of the thermal undulations, leading to a
sequently, the anomalous swelling for DNPC and DAPC iscorrelation of the fluctuations in the form of the rippled
exclusively due to the bilayer behavior. This is in agreementrycture[20]. This scenario has been disproved by Masbn
with both the absence of 'increased fluc_tuati@ﬁ'tg. 7(d)] al. [20], who reported that monomethyl and dimethyl
and a nearly unaltered bilayer separatigfig. Sd)] just  gimyristoyl phosphatidylethanolamine exhibit no ripple
aboveTy. . . .. phase, but show pretransitional swelling.

In order to further confirm that the swelling for long lipids This led us to test whether the previous findings extend to
(n.HC>18) is attributed solely to the increase in membranea different set of lipids. We have therefore determined the
thickness, we have performed a temperature S@B .\ i10qraphic parametefEable ) and form factorgTable

K/min) on DBPCJ[62]. Clearly, thed spacing increases non- . :
linearly as T, is approached from aboveFig. 9). The Il of fully hydrated DMPC and DAPC in the ripple phase at

anomalous componertid,, is about 0.5 A and therefore of 2.96'7 K an.d 338 K, respeciively. nge, the focus IS on.the
the same magnitude as the residual swelling of DNPC an pple ampll_tudeA an_d whether there IS any correlat_lon with
DAPC and further also as that for the bilayer componentn€ fluctuation amplitude abovey, which is a function of
determined from NMR measuremerjis, 26. the bilayer separatiof60]. A recent study has reported little
We therefore arrive at the following picture of anomalousdependence oA on temperaturg8]. Therefore, the actual
swelling. Below 18 hydrocarbons per chain the nonlineat€mperature within the ripple phase and its relative value
increase ofd in the vicinity of Ty, is dominated by the ex-
pansion of the water layer. The contributiondyf decreases TABLE II. Crystallographic data on indices and form factors of
with chain length and finally vanishes above 18 hydrocarfully hydrated DMPC, DPPC, and DAPC. DPPC data taken from
bons per chains. For PCs with longer chains, the swelling i&ef. [50].
due to a nonlinear thickening of the bilayer, whose tempera=
ture behavior does not depend on the lipid chain length. h K P Frc © Fhic
The constant 0.5 A nonlinear componentdgfis difficult

to rationalize. Is it truly critical and understandable in terms 0 *0.9 11

of a theory for hydrocarbon chain meltifig§1]? If it is criti- 0 1 +10.0 +10.0 +10.0
cal, then we might expect the nonlinear contribution to in- 1 -1 -21 =25 -2.9

crease as the chain length decreases, because the main tran-1 1 +1.9 +6.0 +8.9

sition of short-chain lipids was reported to be more critical- 0 2 -9.7 -7.1 -4.7

like than those of lipids with longer chairjd4,26,29. The 1 -2 +3.5 +4.2

nonlinear amplitude oflz, however, does not show this be- 1 2 8.7 -8.0 -10.6

havior.
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layer in the vicinity of Ty, vanishes above 18 hydrocarbons
per chain. Thus, in the explicit case of DAPC, there is no
water layer swelling(Fig. 5 aboveTy, while the system
exhibits a ripple phase below,, (Fig. 10 [63]. This is
complementary to Refl20], which demonstrated pretransi-
tional swelling in the absence of the formation of a ripple
phase.

IV. SUMMARY AND CONCLUSION

We have analyzed the diffraction patterns of fully hy-
drated liposomal dispersions as a function of chain length
and temperature above and beldyy. We have particularly
focused on the temperature dependence of the structural pa-
rameters and the bilayer bending fluctuation in the vicinity of
the fluid-to-gel transition. Additionally, the fully hydrated
ripple phase structures of DMPC and DAPC have also been
derived. The results are summarized as follows.

(1) All lipids studied exhibit anomalous swelling. The
amplitude of the swelling decreases with increasing length of
] ) the hydrocarbon chains in agreement with Korreman and
FIG. 10. Chain-length dependence of the stable ripple phase qf’osselt[lS]. It does not vanish completely, however. Above

DMPCh(.a)’ Dfppch(b)’ ind %Aliqgc)hThg electron d.enSity ij Tigh' 18 carbons per chain, it levels off and exhibits some residual
est (white) for the phospholipid headgroup region an owestSWeIIing on the order of 0.5 A.

(black) for the hydrocarbon chains. All electron density maps are (2) For nye<19, the anomalous swelling is dominated
presented on the same length scale. . . - .
by increased bending fluctuations and an expansion of the

with respect taT,, are of minor significance. Tables | and II Water layer in the vicinity offy,. This contribution is reduced
also contain data for fully hydrated DPPC at 312 K takenWith increasing chain length and is not presentrige> 18.
from Rappolt and Rapfb0]. The EDMs(Fig. 10 have been (3) The second contribution to anomalous swelling is due
calculated applying the form factors listed in Table II. It is to @ nonlinear thickening of the lipid bilayer. Whik; in-
evident from Table | and Fig. 10 that the cell parameterscreases with chain length, due to the additional hydrocarbon
increase with chain length. Most important in the presenf€gments, its temperature dependency including the nonlin-
context is, however, the observation that the ripple amplitud€ar component does not show significant changes. Therefore,
of DAPC is about twice the corresponding value for DMPC.the residual swelling fon,c>18 is due to the bilayer only.
The data therefore show no correlation with the bending (4) The amplitudes of the ripple phases increase with
fluctuations in the., phase. From the latter we would expect chain length and show no correlations with the chain-length
that A either shows no trend with respect tpc because dependencies of thg absolute valueglgfor its relative in-
neither does the absolute valuedy, or decreases with in- Crease close tdy in the L, phase. Further, DAPC and
creasing chain length because of the reduction of the watdPNPC [63] exhibit a ripple phase in the absence of a pre-
layer swelling(Fig. 5). The results thus confirm the previous transitional expansion of the water layer. This is complemen-
conclusion by Mason and co-worked20] that the formation tary to the case demonstrated by Masginal. [20]. Thus,

of the P, phase is independent of anomalous swelling in thehere is no direct coupling between anomalous swelling and
L, phase. the formation of a ripple phase.

There is additional evidence for this notion if we return to
the original proposal by Richtest al. [17], which empha- ACKNOWLEDGMENTS
sized that the “bilayer hydration” caused by anomalous We would like to thank W. Helfrich, J. Katsaras, and V. A.
swelling could be the cause of the formation of the rippleRaghunathan for many helpful discussions. This work has
phase. We have shown that, although all bilayers studiedeen supported by the European Union Grant No. INTAS-
exhibit pretransitional swelling, the expansion of the water01-0105.

[1] M. J. Janiak, D. M. Small, and G. G. Shipley, Biochemistry Lett. 49, 722(2000.

15, 4575(1976. [5] M. Rappolt, G. Pabst, G. Rapp, M. Kriechbaum, H.
[2] D. C. Wack and W. W. Webb, Phys. Rev. 40, 2712(1989. Amenitsch, C. Krenn, S. Bernstorff, and P. Laggner, Eur. Bio-
[3] W. J. Sun, S. Tristram-Nagle, R. M. Suter, and J. F. Nagle, phys. J.29, 125(2000.

Proc. Natl. Acad. Sci. U.S.A93, 7008(1996. [6] See, for example, T. Heimburg, Biophys. 78, 1154 (2000,

[4] K. Sengupta, V. A. Raghunathan, and J. Katsaras, Europhys. and references therein.

021908-8



STRUCTURE AND FLUCTUATIONS OF.. PHYSICAL REVIEW E 70, 021908(2004)

[7] H. Yao, S. Matuoka, B. Tenchov, and |. Hatta, Biophys59, Laggner, and S. Bernstorff, J. Synchrotron Radiat. 506
252 (1991). (1998.

[8] K. Sengupta, V. A. Raghunathan, and J. Katsaras, Phys. Rev. [89] S. Bernstorff, H. Amenitsch, and P. Laggner, J. Synchrotron
68 031710(2003. Radiat. 5, 1215(1998.

[91 K. Jargensen, Biochim. Biophys. Acti24q 111 (1995 [40] A. M. Petrascu, M. H. J. Koch, and A. Gabriel, J. Macromol.

[10] K. Pressl, K. Jgrgensen, and P. Laggner, Biochim. Biophys. Sci., Phys.B37, 463 (1999

Acta 1325 1 (1997). .
. [41] G. Pabst, M. Rappolt, H. Amenitsch, and P. Laggner, Phys.
[11] S. Kirchner and G. Cevc, Europhys. Le23, 229 (1993. Rev. E 62, 4000(2000,

[12] T. Henger, K. Mortensen, J. H. Ipsen, J. Lemmich, R. Bauer,
. 42] T. C. Huang, H. Toraya, T. N. Blanton, and Y. Wu, J. Appl.
and O. G. Mouritsen, Phys. Rev. Leff2, 3911(1994). L
Y (1999 Crystallogr. 26, 180(1993.

[13] R. Zhang, W. Sun, S. Tristram-Nagle, R. L. Headrick, R. M.
Suter, and J. F. Nagle, Phys. Rev. Lett, 2832(1995. [43] R. Zhang, R. M. Suter, and J. F. Nagle, Phys. Re&d=5047
(1994).

[14] J. Lemmich, K. Mortensen, J. H. Ipsen, T. Hanger, R. Bauer, ) ) ) )
and O. G. Mouritsen, Phys. Rev. Leff5, 3958(1995. [44] H. I. Petrache, Ph.D. thesis, Carnegie Mellon University, 1998.

[15] F. Y. Chen, W. C. Hung, and H. W. Huang, Phys. Rev. Lett.[45] G. Pabst, R. Koschuch, B. Pozo-Navas, M. Rappolt, K.
79, 4026(1997). Lohner, and P. Laggner, J. Appl. Crystallo@3, 1378(2003.
[16] J. F. Nagle, H. I. Petrache, N. Gouliaev, S. Tristram-Nagle, Y.[46] A. Caille, C. R. Seances Acad. Sci., Ser.284, 891(1972.
F. Liu, R. M. Suter, and K. Gawrisch, Phys. Rev.38, 7769 [47] J. F. Nagle and S. Tristram-Nagle, Biochim. Biophys. Acta

(1998. 1469 159 (2000.

[17] F. Richter, L. Finegold, and G. Rapp, Phys. Rev5g 3483  [48] T. J. McIntosh and S. A. Simon, Biochemistrg5, 4058
(1999. (1986.

[18] S. S. Korreman and D. Posselt, Eur. Phys. J1,BB7 (2000. [49] J. Katsaras, S. Tristram-Nagle, Y. Liu, R. L. Headrick, E. Fon-

[19] S. S. Korreman and D. Posselt, Eur. Biophys.3D, 121 tes, P. C. Mason, and J. F. Nagle, Phys. Rev6E 5668
(200). (2000.

[20] P. C. Mason, J. F. Nagle, R. M. Epand, and J. Katsaras, Phy$50] M. Rappolt and G. Rapp, Eur. Biophys. 24, 381(1996).

Rev. E 63, 030902(2001. [51] A. Tardieu, V. Luzzati, and F. C. Reman, J. Mol. Bi@l5, 711
[21] G. Pabst, J. Katsaras, V. A. Raghunathan, and M. Rappolt,  (1973.

Langmuir 19, 1716(2003. [52] B. E. Warren,X-ray Diffraction (Addison-Wesley, Reading,
[22] D. Papahadjopoulos, K. Jacobson, S. Nir, and T. Isac, Bio- MA, 1969).

chim. Biophys. Acta311, 330(1973. [53] V. Luzzati, P. Mariani, and H. Delacroix, Makromol. Chem.,
[23] J. F. Nagle and H. L. Scott, Biochim. Biophys. Ackd.3 236 Macromol. Symp.15, 1 (1988.

(1978. [54] G. Pabst, J. Katsaras, and V. A. Raghunathan, Phys. Rev. Lett.
[24] I. Hatta, K. Suzuki, and S. Imaizumi, J. Phys. Soc. Jp8, 88, 128101(2002.

2790(1983. [55] In the absence of an analytical model that distinguishes be-
[25] A. Ruggiero and B. Hudson, Biophys. 35, 1111(1989. tween normal and abnormal components of the swelling, the
[26] M. R. Morrow, J. P. Whitehead, and D. Lu, Biophys.GB, 18 given Ad,,'s are certainly only rough figures. The applied

(1992. method is, however, sufficient to determine the overall chain-
[27] D. P. Kharakoz, A. Colotto, K. Lohner, and P. Laggner, J. length dependence of the anomalous swelling component.

Phys. Chem.97, 9844(1993. [56] The magnitude of pretransitional swelling is affected only if
[28] E. Freire and R. Biltonen, Biochim. Biophys. Actal4, 54 the system is significantly dehydratgil].

(1978. [57] n shows the same nonmonotonic variation with: as dy,.

[29] J. H. Ipsen, K. Jagrgensen, and O. G. Mouritsen, Biophys. J.  This is due to the functional dependencespbn the interbi-

58, 1099(1990. layer compressional modulus, which in turn depends on the
[30] D. P. Kharakoz and E. A. Shlyapnikova, J. Phys. Chem. B bilayer separation.

104, 10368(2000. [58] G. Fragneto, T. Charitat, E. Bellet-Amalric, R. Cubitt, and F.
[31] J. F. Nagle, Annu. Rev. Phys. Cher8l, 157 (1980. Graner, Langmuirl9, 7695(2003.

[32] O. G. Mouritsen, Chem. Phys. Lipids7, 179 (1991. [59] E. Evans, Biophys. J14, 923 (1974).

[33] L. Fernandez-Puente, I. Bivas, M. D. Mitov, and P. Méléard, [60] R. Lipowsky, inStructure and Dynamics of Membraneslited
Europhys. Lett.28, 181(1994). by R. Lipowsky and E. SackmangNorth-Holland, Amster-

[34] T. Heimburg, Biochim. Biophys. Actd 415 147 (1998). dam, 1995.

[35] C. H. Lee, W. C. Lin, and J. Wang, Phys. Rev.64, 020901 [61] J. F. Nagle, Biophys. J64, 1476(1993.

(2001). [62] The decompsition ofl into dy, anddg is not possible in this
[36] W. Helfrich, Z. Naturforsch. A33a 305(1978). case because of shorter x-ray exposure titd€s9.

[37] T. A. Harroun, M. P. Nieh, M. J. Watson, V. A. Raghunathan, [63] The same is found for DNPC, which is known to exhibit a
G. Pabst, M. R. Morrow, and J. Katsaras, Phys. Re\6%& ripple phasgR. Koynova and M. Caffrey, Biochim. Biophys.
031906(2004. Acta 1376 91(1998], but for which we have not determined

[38] H. Amenitsch, M. Rappolt, M. Kriechbaum, H. Mio, P. the ripple structure.

021908-9



