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Small-angle scattering studies of the fully hydrated phospholipid DPPC
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Small-angle neutron and x-ray scattering studies have been carried out on fully hydrated dipalmitoylphos-
phatidylcholine(DPPQ multilamellar vesicles. This system is known to exhibit two distinct ripghe;{
phases, which depend on sample history, at temperatures intermediate to its high-temperature liquid crystalline
(L), phase, and its low-temperature gels(), phase. On cooling from thie, phase, theé®;: phase displays
a complex multipeak diffraction pattern that differs significantly from the diffraction pattern seen Bghe
phase obtained on warming from the;, phase. Examining th@; phase on cooling using small-angle
neutron scattering and x-ray diffraction techniques leads to the conclusion that this phase is characterized by a
long wavelength rippleX,~330 A) and a highly monoclinic unit celly~1259. As theP, phase is traversed
in temperature, the ripple wavelength changes significantly while the monoclinicity remains unchanged.
Ripples from theP ., phase are seen to persist into thg phase on cooling, leading to increased small-angle
scattering characteristic of a disordered stacking of the lam¢B€63-651X99)11101-2

PACS numbdss): 87.16.Dg

I. INTRODUCTION temperature regimé~20 °C—50 °Q wherein it displays all
three of theL sz, Pg/, andL, phases, paying particular at-
The rich phase behavior of phospholipid bilayers and theitention to theP 5/ ripple phase and the history dependence of
structural relationship to biological membranes have motithe structure within this phase. While our diffraction data are
vated scientists from many disciplines to examine theirsimilar to those obtained by Y al.[6], we show that both
unique properties. In excess water, phospholipids selfour data and those obtained by Yabal.[6] can be under-
assemble into multilamellar vesicléMLVs) consisting of ~ stood in terms of a well-ordered, highly monoclinic, single
concentric, stacked bilayers each separated by a layer of waavelength structure occurring on cooling, and a less-well-
ter. The repetition of structure lends itself well to diffraction ordered single wavelength structure occurring on warming.
studies. Perhaps the most scrutinized of all model memth addition, we show that a related history dependence exists
branes, dipalmitoylphosphatidylcholifBPPQ continues to  for theL 5 phase, with disordered ripples persisting into the
be a source of intrigue. In particular, the novel rippRe(), L phase when it is entered from above in temperature.
phase of DPPQand other PQshas been the source of much
recent study and debafté—4]. The P4, phase, characterized
by the development of a long periodicity corrugation of the
bilayer lamellae, is an intermediate phase spanning a rela- 1,2-dipalmitoyl-snglycero3-phosphocholinéDPPQ and
tively narrow (~8 °C) temperature range between the low- DPPC in which the quaternary ammonium methyl hydrogens
temperature gell(s/) and high-temperature liquid crystal- have been replaced with deuterium (DPBE)- were pur-
line (L,) phases. Among the fascinating properties of thischased from Avanti Polar Lipids, InBirmingham, AL and
phase is its nonequilibrium behavior reported by Tenchovused without any further purification.
Yao, and Hattd5] in which the diffraction pattern obtained For the small-angle neutron scatterif§ANS) experi-
after slowly cooling the sample from the, phase is mark- ments, 50 mg of DPP@y was suspended in 0.5 mL
edly different than that seen after warming the sample intd,O/PIPES buffer [20 mM piperazineN,N’ -
the P, phase from thé 5, phase. big2-ethanesulfonic acid 1 mM ethylenediamine tetra-
Yao et al.[6] concluded that th® 4 phase on cooling in  acetic acidEDTA), 150 mM NaCl in BO adjusted to gH
DPPC consists of two coexisting ripple structures. Theirmeter reading of 7} This buffer simulates physiological
model proposes that there is phase coexistence between snditions. The solution was centrifuged and transferred to a
gions of the ripple phase identical to that obtained on warm41 mm path length Helma quartz cell and incubated at 45 °C
ing, and regions for which the ripple wavelength is approxi-for at least 24 h. Excess water was drawn off and more
mately two times greater. The diffraction pattern would thensuspension was transferred into the cell. After incubating a
be a superposition of the patterns obtained from each afecond time, a small amount of water was visibly separated
these regions. In this paper we discuss small-angle neutrdnom the remainder of the solution, confirming that the
and x-ray scattering studies of fully hydrated DPPC in thesample was in a state of excess water. An undeuterated

Il. MATERIALS AND EXPERIMENTAL METHODS
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tion pattern as a function of temperature can be better appre-
40 Ly ciated when presented as a contour plot, as shown in Figs. 2
50 | and 3 for the warming and cooling runs, respectively.
, Figure 2 shows a color contour plot of low-resolution
o 0 neutron data taken while slowly warming the DPBgfrom
40 - Py 20 °C to 55 °C. Data collection began five minutes after the
§ o0 temperature had stabilized to withih0.1 °C of the target
k= temperature, following a change in temperature. Each mea-
0 L surement set was taken over a period of 30 min. Temperature
40 L, steps of 0.5 °C were taken in the range frdm 31 °C to
00 | 43 °C. Additional measurements were also performed before
and after the main measurement at one temperature in each
0 505 0?1 - ‘15 phase for comparative purposes in order to ensure that relax-
Q (A1) ’ ation kinetics were not affecting the results. No such effect

was observed at any temperature.

The three phases of DPPC in the temperature range
shown in Fig. 2 are easily identified by the rather abrupt
changes in the overall pattern, including a shift in position of
the lamellar repeat peak and dramatic changes in the the very
low angle scatterind Q= (4x/\)sin #<0.03 A"1]. This
DPPC sample was prepared in thgbuffer following the  |atter scattering increases strongly upon entering Rhe
same procedure. The DPPC sample used in the X-rayhase from the, phase and subsequently falls in thg
samples were prepared in a similar manner except Wl H phase. The inset shows data from a separate, higher-

substituted for the BD. The x-ray samples were placed in yaso|ution(8.0 m) experiment conducted to examine the re-
1.5 mm diametefd glass capillaries and visually inspected gion enclosed by the white box in Fig. 2.

gefore use to ensure that they satisfied the excess water CON- Neutron scattering profiles of DPPRG- as the same
ition.

The SANS experiments were conducted at the W. C. Koe
hler 30 m SANS facility at the Oak Ridge National Labora-
tory [7] using neutrons of wavelength 4.75 (E\/\~5%).
Two configurations of the instrument were employed with
sample-to-detector distances of 3.5 mQé&£[0.019,
0.17A"1]) and 8.0 m Q<[0.008,0.075 A1), for rela-

FIG. 1. Typical SANS profiles of DPP@y in its three phases
obtained on cooling. From top to bottom, data within the (ge)
at T=20°C, Py (ripple) at T=39°C, andL, (liquid crysta)
phases aT =45 °C.

sample was slowlgooledare shown in Fig. 3. Similar ther-
mal protocol as described above was employed. The scatter-
ing due to the ripple periodicity in thé®; phase Q
~0.05 A1) is much more prominent on cooling and the
low angle scattering is markedly different. In the cooling
scans, the very low@ scattering in thePs phase, while
more intense than that of the, phase, does not approach the

tively low- and high-resolution measurements, reSpeCtIVe'erveIs attained in the warming scans and reaches its highest
The SANS data were corrected for instrumental backgroundi%tensit in thel. . phase. The undeuterated DPPC sample
and detector efficiency and converted into absolute differen- y g P : P

. . . . . displayed similar scattering profiles which are not shown in
tial cross sections per unit sample volume using estabhshet;ijﬂspp(,;/p(:)r gp

pro&zcglsé[c?r,r?]llement to the neutron work, x-ray diffraction Figure 4 shows the complementary x-ray and neutron dif-
. P ) , X-ray fraction patterns obtained by these two techniques for DPPC
experiments were conducted using Ku radiation from an warmed into theP,, phase. Both data sets were taken at

18 kW rotating anode generator which was further MONOr_ 39 °C and the x-ray data have been scaled arbitrarily so

Fesalution of e x-1ay mensarements was roughy a factor o/t the data. sefs overlap. The lamelar repeat peak at
y gnly =0.086 A~ exhibits roughly the same width in both data

2 better than that of the neutron measurements at a samplg-, _":"". . o : .
to-detector distance of 3.5 m, which allowed fine structure ets, indicating that this is a single Bragg-like feature whose

s . . : intrinsic width implies the presence of disorder. The neutron
within the diffraction pattern to be resolved. While neutrons . A

- . X data also show a shoulder related to the ripple periodicity

and x rays are similar diffraction probes, neutrons scatter

— —1 \whi i _ ;
from the nuclei in atoms while x rays scatter off the elec_nearQ—0.0S A"" which does not appear in the x-ray profile

tronic charge distribution, and consequently the use of thé:_orrespondmg to a rlpple_wavelength Df_~125A in the
. : . : ripple phase on warming, in agreement with previous freeze-
two techniques in tandem is expected to yield complemen;

. : . fracture measuremen{d0] but slightly less than previous
tary information regarding the same structure. x-ray diffraction result$6,11]. In contrast, the data shown in

Fig. 5, collected after cooling slowly into tH&;, phase from
the L, phase, show an enhanced neutron peak from the
A. Experimental results ripple periodicity neaQ=0.05 A~! and the peak attributed
: to the lamellar repeat appears much broader. The higher-

Figure 1 shows the low-resolutidB.5 m) SANS diffrac-  resolution x-ray cooling data show that this broad peak is, in
tion pattern for DPPQJ, in three different phases obtained fact, made up of two closely spaced peak®at0.072 and
on cooling. The phases are clearly distinguished by the shi.087 A that are not fully resolved by the neutrons. In
in the lamellar repeat peak and the changes in the scatterirgidition, the x-rays reveal a peak @=0.10 A~ which
intensity belowQ=0.05 A~1. The evolution of the diffrac- does not appear in the neutron profile.

Ill. RESULTS AND DISCUSSION
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FIG. 2. (Color) Color contour plot of DPPQg in excess water warming through its three phades (P4 ,L,) in this temperature
range. The main plot shows neutron data taken with a sample-to-detector distance of@&[019,0.17 A1]). The inset shows data
from a separate, 8.0 m experiment corresponding to the region enclosed by the whit@ &p8.02,0.075 A 1]).

B. Modeling the ripple phase =330 A, andy=126°. Long wavelength ripples of this order
It is well known [1,12] that the ripple phase can be de- have been reported previously but not with an accompanying

scribed by a two-dimensional monoclinic lattice, shown!arge monoclinicity{6,13].

schematically in Fig. 6, where the unit vectors are given by A consequence of our assignment of peak 1 in Fig. 5 as
the (02) reflection is that we should expect to see (&)

d=dcoty k+dz and b=\, X, (1)  reflection at &Q value half that of(02). Figure 7 shows the
high-resolution(8 m) neutron profile of DPPGk at 39 °C
whered is the lamellar repeat distance, is the ripple wave-  within the P 5, phase on cooling, along with a nonlinear least
length, and the difference betwegrand 90° is a measure of squares fit to the data. The pattern could not be adequately fit
the monoclinicity. The reciprocal lattice vectors are then  with a power law background and a single Lorentzian cen-
tered atQ~0.05 A%, but the addition of a second Lorent-
A 2m s 2m o 2m zian at half thisQ value describes the data well. The inset
=—2 and B=—X 2 (2 X . ;
d A N\ tany shows the same cooling data on a semilog scale, along with
the corresponding profile obtained on warming. In this plot
The absolute form factors reported by Wack and WER}  the (01) peak is clearly discernible in the raw data of the
for the P4, phase of the related phospholipid DMPC suggestooling scan and is absent in the warming data.
that the strongest peaks for the I@vrange should corre-  Figure 8 shows the x-ray diffraction profile of DPPC in
spond to the (1}, (10), and(11) reflections. If we assume the P phase on cooling taken from Yaai al. [6]. As al-
that these reflections are peaks 2, 3, and 4, respectively, meady discussed, these authors interpreted this profile as the
Fig. 5, we must conclude that peak 1 is {0Q) reflection in  superposition of two different rippled regions, each with its
order to obtain reasonable values for our unit cell. Thesewn ripple wavelength, bilayer periodicity, and monoclinic-
assignments give=73 A in agreement with the value ob- ity. However, the single, long wavelength ripple phase model
tained on warming and with other measuremdrtg], \, which we constructed to describe our diffraction datso
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FIG. 3. (Color) Color contour plot of DPPQl4 as in Fig. 2, but with the sample slowly cooled through this temperature range.

describes their diffraction dataThis can be seen in Fig. 8 crepancy being a 6% difference in the ripple wavelength.
and Table |, where we directly compare the measured andlhe vertical lines in Fig. 8 indicate the calculated peak po-
calculated peak positions using a model structure for whiclsitions of the Bragg reflections in the given range. Only re-
A,=350A,d=71A, andy=129°. These results agree well flections up to third order are shown. The measured and cal-
with the results from our experiments, with the greatest dis€ulated peak positions are summarized in Table I. This yields
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FIG. 4. A comparison of neutron and x-ray scattering profiles of
DPPCdy in the P4 phase(both atT=39 °C) after warming from

thel 4 phase.
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FIG. 5. A comparison of neutron and x-ray scattering profiles of
DPPCdy in the P, phase(both atT=39 °C) after slow cooling
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FIG. 6. A schematic drawing of the monoclinic unit cell of 3 i i
DPPC in theP 4 phase. The cell is uniquely defined by the bilayer & L ]
periodicity d, ripple wavelength\, , and monoclinic angle. K <
O i ]
an excellent description of the Ya al.[6] data. The single 0 005 01 015 02
phase structure we suggest is also consistent with the de- Q (A

crease in diffuse Scatterln_g observed at Sm}iltompare(_i. FIG. 8. X-ray diffraction profile of DPPC in th®, phase on
with the, ripple phase obtained on warming. A SUp,erpO_S't'orEooling (taken from Yacet al. [6]). The vertical lines indicate ex-
of two rippled structures would be expected to give rise t0,qcteq peak positions calculated using our model and detailed in
increased diffuse scattering due to disorder, which is not obrgpje |.
served.
peak positions as a function of temperature through the
ripple phase on cooling. The top two panels show the peak
position and amplitude, respectively, of tt@2) reflection as
Figure 9 shows a fit to the low-resolutid¢®.5 m) neutron  extracted from fits to the high-resolutioi8.0 m) neutron
data in theP 4 phase, cooled from the, phase. Consistent data. The bottom panel shows the peak position of(1i(
with the relevant x-ray datéFig. 5 where three peaks are taken from fits to the low-resolutio(8.5 m data. It should
resolved, the broad peak in the neutron profile consists dbe noted that thél0) data have been shifted by 1.0 °C along
two distinct reflections which we have labeled {1and(10).  the temperature axis to ensure a match between the transition
A fourth peak was necessary in order to match the data in thiemperatures for the high-resolution and low-resolution ex-
tail (Q>0.95A"1) of the broad feature. This peak likely Periments since it was found that the pretransition tempera-
corresponds to peak 4 in the x-ray d4Fg. 5 although it ture for these two separate experiments differed by this
appears to be centered below its x-ray value ofamount.
Q=0.10 A=, The small amplitude of this peak in the neu-  Equation(2) shows that the change in position of )
tron data and its proximity to the strong (Land(10) peaks peak as a function of temperature could be the result of either
makes it difficult to extract any reliable information about  TABLE I. Calculated and measured peak positions of DPPC in
this peak from the neutron profile. The behavior of the rethe p,, phase on cooling. Peak numbers correspond to the labels
maining three peaks, however, can yield useful informatiorshown in Fig. 8. Only reflections up to third order are shown. The
as demonstrated in Fig. 10, which traces (88) and (10) question marks in the “Peak Number”’ column correspond
to calculated reflections which were not labeled in the work of

C. Temperature dependence of the ripple phase

150 Yao et al. [6].
- 4 T=39°C, P,
3 s
- 1000 £ s barms Peak Peak label Calculated Measured
E g number (hK) A™Y A™Y
100 1 (01) 0.023 0.023
s 2 (02 0.046 0.046
g 3 (03 0.069 0.070
= (12) 0.069
50 (13) 0.070
4 (1?) 0.076 0.077
5 (10 0.089 0.089
6 1y 0.118 0.119
7 (12 0.123 0.124
? (13 0.143
] ] ) (2?) 0.144
FIG. 7. A fit to the high-resolution(8.0 m) neutron data of 8 — 0.152 0.152
DPPCdg in the P4, phase is shown. The main plot shows the data (23) ' '
on a linear scale along with the fit. The three components of the fit, 9 (21) 0.164 0.164
the power law background and two Lorentzians, are also included. 10 (20 0.177 0.178
The inset compares the profiles of tg, phase obtained on warm- ? (21 0.193

ing and cooling on a semilog scale.
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FIG. 11. Temperature dependence of thg)(méak in DPPCdq

FIG. 9. Fit to the low-resolution(3.5 m neutron data of

in the Pz phase on cooling. The dashed lines indicate the expected

DPPCdg. The fit consists of a background power law term a”dtemperature dependence of the JIgkak using two simple models

four separate Lorentzians. The Lorentzian associated witlilthe

peak falls within the tails of the (T)land (10) peaks, making it
difficult to extract any reliable information about its position.

a temperature dependent ripple wavelengthor monocli-

and the observed temperature dependence of(1Be and (20)
peaks. The results clearly show to be changing with temperature
while the monoclinicity remains constant.

eter. For the expansivity of the ripples, we obtain a value of

nicity 7, or both. Using the measured temperature depena~0.01 K *in the middle of the ripple phase, which is huge
dence of the(02) and (10) peaks, we can predict the tem- compared to expansivities displayed by typical “hard” ma-

perature dependence of the (1deak under the two possible
limiting assumptions(\ varies, v constant, ory varies, A
constank about our unit cell. As can be seen in Fig. 11, a
model in whichy is held constant ana, varies with tem-

terials. Near room temperature metallic cesium exhibits the
largesta displayed by an element;~0.0001 K'*. This be-

havior is anomalously large compared with other elements,
due to the fact that cesium melts just above room tempera-

perature is a good description of the observed data, while onf&'®- The ripple expansivity is sufficiently large that we feel

in which \, is fixed andy is allowed to vary is not.

As the origin of the temperature dependence of (0B
peak position within theP; phase has been identified a
being due to\,, it is interesting to compare the thermal
expansivity observed in the middle of the ripple phase o
cooling with that typically observed in “hard” materials
near room temperature. The thermal expansivity is defined as
a=(1/a)(da/dT) wherea is the appropriate lattice param-

D. Stability of the ripple phase

it cannot be due to the anharmonic effects normally ascribed

to thermal expansion, but rather to a temperature dependent
s penetration of the water into the head group region of the

rippled bilayer, expanding the ripple structure out within the
rplane of the bilayer.

Given that twoP;: phases are clearly observed, one on

FIG. 10. Temperature dependence of (88 and(10) peaks in
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=<t B (X t
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warming and one on cooling, the question of which one is
the equilibrium and which one is metastable remains. On the
basis of calorimetric measurements of the enthalpies of the
phases, Tenchov, Yao, and Hafia] concluded that the
ripple phase on cooling is metastable but long lived, and that
the P4 phase achieved on warming is the true equilibrium
phase. This conclusion is premature without entropic infor-
mation about the two states. There are two features in the
comparison between the scattering in the two ripple phases
which lead us to believe that the,; phase obtained on
cooling is the more ordered phase. First, it displays much
less diffuse small-angle scattering than does the ripple phase
obtained on warming from the g phase, as is clearly seen

in the inset of Fig. 7. Second, the Bragg peaks are sharper in
the L5, phase obtained on cooling. We therefore conclude
that the entropy of th&;, phase on cooling is less than the
entropy of theP 5, phase on warming. Since our experiments

DPPCdj in the P4, phase on cooling. The top two panels show theare conducted at constant pressure, it is the Gibbs potential
(02) peak position extracted from the high-resolution neutron ex-G=H—TS which is relevant. Denoting the warming and
periment, while the bottom panel shows the peak position of thecooling P, phases with the subscriptsandc, respectively,

(10) peak taken from the low-resolution neutron experiment. Thewe can now make the following simple thermodynamic ar-
temperature scale of the low-resolutid8.5 m) data has been gument:

shifted by 1 °C as the pretransition temperature differed by this

amount in the two separate experiments.

S.<S,&Sy—S.=38S, 8S>0
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R ripples which are frozen into the phase. Explicit evi-
100 ;—f«% Goning dence for this is seen in Fig. 10, which shows that fits to the
A scattering profile include a contribution from the ripple struc-
ol M ture belowT, and well into thel ;» phase. Figure 12 depicts

\/ A the essentials of this argument more clearly. Here we see the
“”g marked difference in the warming and cooling scans within

. . . "

. the Lz, phase on both linear and semilog scales. In addition
. 4 to the increased scattering at all wave vectors below
© , . . Q~0.09 A1 in the cooling scan, the lamellar repeat peak is
Xy P broader and less well defined than that observed in the

g warming profile. This indicates the presence of disorder in

the bilayer periodicity which is expected as the presence of
Ll ] — short range ordered ripple regions in thg phase is likely

0.05 0.1 0.15 to disrupt the bilayer stacking.
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FIG. 12. Comparison of the neutron scattering profiles of
DPPCd, in theL 4 (geD phase on warming and cooling. The inset
shows the same data on a semilog scale. Both the width of the
lamellar repeat peak and the intensity of the small angle
(Q<0.09 A™Y) are enhanced in the cooling profile.

V. CONCLUSION

In conclusion, we have performed complementary neu-
tron and x-ray scattering experiments on MLV samples of

H.>H,oH.—H,=6H, 6H>0 DPPC in excess water. Our measurements focused on the
ripple, Pg/, phases and we clearly see that different ripple
Ge—Gy=(H.—Hy) +T(S,—Se) = 6H + T85>0, phases form depending on whether the phase is entered from

above or below in temperature. TH;, structure is much
confirming the previous conclusion that thfg;, phase on more highly ordered on cooling than on warming, and the
cooling is metastable. diffraction patterns within the ordere®l;, phase obtained on
We also observe, in agreement with previous measurezooling are well described using a simple model character-
ments[14,15, that the bilayer periodicity exhibits a pro- ized by a single, long periodicity ripple and large monocli-
nounced temperature dependence, known as anomaloniity. This model is fully consistent with previous high-
swelling, just above the th€,/-L, transition temperature resolution x-ray data of DPPC in tH;, phase on cooling.
T (Figs. 2 and 3 Matuokaet al. [16] have shown that the The ripple wavelength, is found to change dramatically
appearance of the multipeak profile in tRg, phase requires as a function of temperature within this phase, consistent
slow cooling rates through the, phase in the vicinity of with significant alterations in the degree of penetration or
Tm. Itis possible that passage through the anomalous swellecal structure of the water-head group region of the bilayer,
ing regime, with its strong temperature dependent lamellaas the phase is spanned in temperature. Our data also clearly
repeat distance and concomitant reduction in bilayer curvashow that remnants of the ripple phase persist well past the
ture modulug 14] constrains the system to assume the metapretransition temperature into the,, phase, so that both the
stablePg structure. The system must pass through this reP, and L “solid” phases display pronounced history
gion on cooling into theP;, phase from the fluid , phase, dependencies.
but not when the 5, phase is the temperature precursor.
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