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Membrane Packing Geometry of Diphytanoylphosphatidylcholine Is
Highly Sensitive to Hydration: Phospholipid Polymorphism Induced by
Molecular Rearrangement in the Headgroup Region

Chang-Huain Hsieh, Shih-Che Sue, Ping-Chiang Lyu, and Wen-guey Wu
Department of Life Sciences, National Tsing Hua University, Hsinchu, Taiwan 30043

ABSTRACT Diphytanoylphosphatidylcholine (DPhPC) has often been used in the study of protein-lipid interaction and
membrane channel activity, because of the general belief that it has high bilayer stability, low ion leakage, and fatty acyl
packing comparable to that of phospholipid bilayers in the liquid-crystalline state. In this solid-state 31 p and 2H NMR study,
we find that the membrane packing geometry and headgroup orientation of DPhPC are highly sensitive to the temperature
studied and its water content. The phosphocholine headgroup of DPhPC starts to change its orientation at a water content
as high as -16 water molecules per lipid, as evidenced by hydration-dependent 2H NMR study at room temperature. In
addition, a temperature-induced structural transition in the headgroup orientation is detected in the temperature range of
.20-60°C for lipids with -8-11 water molecules per DPhPC. Dehydration of the lipid by one more water molecule leads to

a nonlamellar, presumably cubic, phase formation. The lipid packing becomes a hexagonal phase at -6 water molecules per

lipid. A phase diagram of DPhPC in the temperature range of -400C to 800C is thus constructed on the basis of NMR results.
The newly observed hydration-dependent DPhPC lipid polymorphism emphasizes the importance of molecular packing in the
headgroup region in modulating membrane structure and protein-induced pore formation of the DPhPC bilayer.

INTRODUCTION

Synthetic diphytanoyl (3,7,11,15-tetramethylhexadecanoic)
phosphatidylcholine (DPhPC) has been a good choice of
phospholipid in the reconstitution study of channel-forming
proteins such as cyanobacterial toxin (Spassova et al.,
1995), Clostridium botulinum toxin (Schmid et al., 1994),
tetanus toxin (Gambale and Montal, 1988), anthrax toxin
(Blaustein et al., 1989), rhodopsin (Mollevanger et al.,
1987; Baldwin and Hubbell, 1985), alamethicin (Taylor and
de Levie, 1991), and gramicidin (Koeppe and Anderson,
1996; Durkin et al., 1990). It has also been successfully
applied in the crystallization of proton channel peptides
(Lovejoy et al., 1992). Apparently, the high resistance to
proton as well as other ion flows of the isoprenoid chain
array of DPhPC (Gutknecht, 1987) and its analog (Yama-
uchi et al., 1992, 1993) account for the popularity in choos-
ing it in ion-conducting measurements. The protein- or
polypeptide-induced formation of a new ion conducting
pathway was usually attributed to the putative pore forma-
tion, because DPhPC was thought to form stable liquid-
crystalline bilayers over a wide temperature range from
-1200C to 1200C (Lindsey et al., 1979).
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There has also been recent interest in characterizing the
binding mode of polypeptides with DPhPC bilayers (Huang
and Wu, 1991; Ludtke et al., 1996). Membrane thinning
followed by insertion of polypeptides of magainin 2 and
alamethicin into DPhPC bilayers has been demonstrated by
Huang and co-workers by oriented circular dichroism
(OCD), x-ray diffraction, and neutron scattering studies
(Ludtke et al., 1995; Wu et al., 1995; He et al., 1996). The
membrane pores induced by polypeptide penetration ac-
count for its cytolytic property, but the long-range nature of
bilayer deformation under the influence of increasing
polypeptide concentration is still poorly understood. Both
the structure of polypeptides and the packing of PC mem-
brane are believed to play a role, because the capacity for
polypeptide penetration has been shown to be hydration- as
well as lipid-dependent (Huang and Wu, 1991; He et al.,
1996).

In this communication, we show, by 31P and 2H NMR
study of DPhPC selectively deuterated at both C, and C3
methylene segments (d4-DPhPC) and D20 in DPhPC, that
DPhPC exhibits a wide spectrum of lipid polymorphism at
relatively high water content. Not only a novel dehydration-
induced lamellar-to-lamellar transition of DPhPC, identified
recently by an x-ray diffraction study (Wu et al., 1995), is
shown here to be related to headgroup reorientation, but also
several nonlamellar structures, including hexagonal and
complex lipid packing arrangements, presumably cubic
phase, are detected in the hydration state of -5-11 water
molecules per lipid. The result suggests that polymorphism
of lecithin (Luzzati et al., 1968) is also related to the
hydration-dependent molecular rearrangement in the head-
group region. In addition, the polymorphic DPhPC, in con-
trast to the presumed bilayer stability, may play a significant
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role in affecting the binding mode of polypeptides with
DPhPC membranes.

MATERIALS AND METHODS

Spectra were obtained on a 7.05-Tesla Bruker MSL-300 spectrometer,
using a broadband probe with a 5-mm insert as described previously (Hsieh
and Wu, 1995a-c, 1996). Briefly, the 3'P-NMR spectra were recorded with
a Hahn echo pulse sequence, using a 900 pulse of 4 ,us in the presence of
'H decoupling, and 2H NMR spectra were recorded with a quadrupolar
echo pulse sequence, using a 900 pulse length of 2.2-2.5 ,us. The recycle
delays, longer than five times the respective spin-lattice relaxation times
(T,), were in the range of 7 s and 200 ms, respecitvely, for 3'P and 2H NMR
measurements. When necessary, depakeing of the 31P and 2H NMR spectra
(Sternin et al., 1983) was performed to quantitate the chemical shift
anisotropy (CSA) and quadrupolar splitting (Avq) of the overlapping sig-
nals. The temperature of the samples was controlled by evaporation N2 gas
from a liquid nitrogen dewar for low-temperature measurements or by
passing heated dry air for higher than ambient temperature measurement,
and monitored with a Bruker VT-1000 thermal system.

The lipids used in this work, DPhPC and d4-DPhPC, were obtained
commercially (Avanti Polar Lipids, Alabaster, AL). Spectroscopic grade
D20 and deuterium-depleted H20 were from Cambridge Isotope Labora-
tory (Woburn, MA). Lipid lyophilized overnight in chloroform under high
vacuum was assumed to contain about two water molecules per lipid
(Ulrich and Watts, 1994; Hsieh and Wu, 1996). All of the water/lipid ratios
were estimated by including these two tightly bound water molecules. In
general, the error in the reported hydration value was plus or minus one
water molecule per lipid.

Lipids with different hydration states were prepared gravimetrically in
preweighed NMR tubes from a known amount of lyophilized lipid. These
hydration samples were freeze-thawed between 50°C and -20°C at least
five times to ensure the homogenization of the sample. The spectra ob-
tained from homogenized samples are reversible upon hydration and de-
hydration as long as there is no detectable degradation of the lipid studied.
It is found that incubation of the sample at high temperature (>60°C) for
a long time during NMR spectra accumulation may induce the hydroliza-
tion of a DPhPC molecule (<5% as detected on thin-layer chromatography
plate) and have an irreversible effect on the obtained spectra.

RESULTS AND DISCUSSIONS

Polymorphic DPhPC as revealed by 31P NMR

Fig. 1 shows representative 31P NMR spectra obtained from
DPhPC at indicated hydration states and temperatures. Pre-
vious x-ray and 'H NMR studies of DPhPC have estab-
lished that DPhPC forms liquid-crystalline bilayers (L,,) in
an excess of water and at ambient temperature (Wu et al.,
1995; Lindsey et al., 1979). As indicated by the axially
symmetrical 31P NMR spectra, with CSA values of about
-40 ppm, obtained at a water/lipid ratio (nw) higher than
11, the lipid molecules undergo free axial rotational motions
along the normal of the membrane bilayer surface (Seelig,
1978). Surprisingly, dehydration of the sample by one or
two water molecules per DPhPC induces the formation of
isotropic signals centered at 0 ppm, an indication of the
formation of complex lipid structures with either small lipid
particles or cubic phase membranes (Cullis and Hope,
1991). Further dehydration causes the complete disappear-
ance of bilayer structure at a water content of -7-8 water
molecules per lipid and the appearance of an inverted hex-
agonal (HI,) phase assembly at 4-6 water molecules per

nw 4.2 4.5 5.6 7.7 9.1 11.2

60 ,C

50°'C L y I <
40 °C

25 C

5oppm

FIGURE 1 Representative 3'P NMR spectra obtained at indicated tem-
peratures and water/DPhPC molar ratios (nw).

DPhPC, as indicated by the obtained 31P NMR spectra with
a CSA of - 17 ppm. The described lipid polymorphisms are
evident at all of the temperatures studied (shown in Fig. 1).
Many synthetic phospholipids, such as unsaturated phos-

phatidylethanolamine (PE), e.g., dioleoyl PE (DOPE), or
their mixtures with unsaturated PC, e.g., dioleoyl PC
(DOPC) or I-palmitoyl-2-oleoyl PC (POPC), e.g., have
been shown to exhibit liquid crystalline lamellar-to-nonla-
mellar (i.e., L,-Hii) transition (Gruner et al., 1988; Koynova
and Caffrey, 1994; Lafleur et al., 1996). Polymorphism of
lecithin has also been reported at the extreme high temper-
ature of - 100°C and the low water content of <4% (or
nw < 4) H20 (Luzzati et al., 1968). In contrast, DPhPC was

thought to form a stable L, phase bilayer over a wide
temperature range (Lindsey et al., 1979) and was used
extensively in many ion conductance investigations because
of its high resistance to ion leakage. However, in view of the
significantly large cross-sectional area ratio between the
fatty acyl chain region and headgroup region of DPhPC, the
intrinsic curvature IIRO (Gruner, 1985; Hui and Sen, 1989)
or the molecular packing parameter (Marsh, 1996) of
DPhPC may be considered to be large and are expected to
undergo a Lay,Hii transition from the theoretical point of
view. It is somewhat surprising, however, that the L,-to-
nonlamellar transition of DPhPC occurs at relatively high
water content.

A novel lamellar-to-lamellar transition of DPhPC

A first indication of a phase transition when DPhPC was
dehydrated was reported in an x-ray diffraction study of
oriented bilayer membranes interacting with amphiphilic
helical polypeptides (Wu et al., 1995). A lamellar-to-lamel-
lar transition was detected by the presence of two coexisting
phases, as evidenced by the double peaks in every Bragg
order. The structural difference between the two phases was
not studied at that time. The transition, however, is inter-
esting because the plot of bilayer thickness versus lamellar
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spacing obtained for pure DPhPC at ambient temperature
indicates that dehydration decreases the peak-to-peak bi-
layer thickness. This observation is in sharp contrast to
x-ray diffraction studies on other saturated PCs, which show
an increase in bilayer thickness during the process of dehy-
dration-induced gel phase, with fatty acid chains in the
all-trans state formation.
We observe in Fig. 1 that the CSA of the 31P NMR

spectra obtained for samples with the hydration of 9-10
water molecules per lipid seems to vary significantly as a
function of temperature. For instance, the spectrum obtained
at 60°C is much narrower than that obtained at 25°C, an
indication of smaller CSA for DPhPC at high temperature.
The reduction of CSA as a function of increasing tempera-
ture, however, is not continuous. As emphasized by the
arrows shown in the figure, there are two overlapping sig-
nals with distinct CSA values for spectra obtained at 50°C.
To more clearly define the two different states of DPhPC

as revealed by the two overlapping signals, the obtained 31p
powder spectra were depaked. As shown in Fig. 2 A, the
CSA obtained at low temperature is about -40 ppm, which
is almost 10 ppm different from those obtained at high
temperature. The variation in the CSA as a function of
temperature clearly indicates that a structural transition in
the PC headgroup region occurs in the studied temperature
range. The structural transition can be due either to the
disordering effect at high temperature or to a more specific
conformational change, such as reorientation of the phos-
phocholine headgroup. The reorientation of the phospho-
choline headgroup either away or toward the membrane
surface has been shown to occur in response to a variation
in electrical potential (Seelig et al., 1987; Roux et al., 1989;
Scherer and Seelig, 1989; Macdonald et al., 1991; Pinheiro
et al., 1994) and hydration states (Bechinger and Seelig,
1991; Ulrich and Watts, 1994).
We therefore study d4-DPhPC with deuterium selectively

labeled at both Ca and Cq methylene segments of the
phosphocholine headgroup, because it has been demon-
strated before that phosphocholine headgroup reorientation
will result in an opposite change (i.e., increase and decrease,
respectively) in the 2H NMR quadrupolar splitting, Avq, for
-CD2- labeled at the Ca, and Cp methylene positions. As
shown in Fig. 2 B, the Avq of -CD2- at both C,a and Cq
positions is also found to be sensitive to temperature. Sim-
ilar to the case of 31P NMR, there are also overlapping
signals in the temperature range of -40-50°C. More im-
portantly, although both a and , splittings are decreased
when the temperature is increased, the ,B splitting of the
second component detected at high temperatures is larger
than that of the first component detected at low tempera-
tures. It suggests strongly that the two distinct CSA values
of 31P NMR are due to the different orientation of the
phosphocholine headgroup, and a structural transition in the
phosphocholine headgroup region has occurred as a func-
tion of temperature. The exact conformational change of the
phosphocholine headgroup is unknown at present. Accord-
ing to the "choline-tilt" model (Seelig et al., 1987; Roux et
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FIGURE 2 Plot of chemical shift anisotropy of 31P NMR (A) and qua-
drupolar splitting, AVq, of 2H NMR (B) of d4-DPhPC as a function of
temperature at a water/DPhPC molar ratio of 9.8. The open and filled
symbols represent data extrapolated from powder and depaked spectra,
respectively. The arrows point out the depaked peak for these powder
spectra. Two arrows in the same spectrum at 45'C indicate that there are
two lamellar phases in coexistence, as detected by -C.D2-. The unmarked
sharp peaks in the depaked spectra are from -C,3D2-.

al., 1989; Macdonald et al., 1991), one of the possible
scenarios is that the choline group moves toward the water
phase.
The newly revealed lamellar-to-lamellar transition of

DPhPC as a function of temperature has not been reported
before, but, as we mentioned earlier, a novel lamellar-to-
lamellar transition during the dehydration process of
DPhPC has been detected by x-ray diffraction studies on the
oriented lipid sandwiched between glass plates. It is inter-
esting, therefore, to see whether a similar hydration depen-
dent structural transition can also be detected by NMR study
of powder samples. Shown in Fig. 3, A and B, are 31p NMR
spectra obtained at two hydration states. Despite the pres-
ence of isotropic signals, the CSA of 31P NMR spectra for
a sample with a nw of 8.2 water molecules per DPhPC is
clearly smaller than that with a nw of 10.3 at 25°C. In fact,
it corresponds to the 31P NMR signal with a low CSA value
obtained for the high hydration sample at high temperature.
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FIGURE 3 31P NMR spectra of DPhPC, indicating the existence of two
distinct conformational states of phosphocholine at different hydration
states and temperatures.
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Therefore, the phosphocholine orientation of DPhPC at low
hydration and ambient temperature is similar to that of
DPhPC with high hydration at higher temperature.

Headgroup reorientation of DPhPC

A better picture of the hydration dependent structural tran-
sition in the headgroup region can be seen in the hydration-
dependent study of the AVq of -CD2- at both C, and C3
positions. Fig. 4 A shows the representative 31P and 2H
NMR spectra at the indicated hydration, and Fig. 4 B
summarizes and compares the hydration dependence of Avq
of -CD2- at both C and C positions between DOPC and
DPhPC. In general, the hydration-dependent change in Avq

of -CD2- at both Ca and C, positions for DPhPC is similar
to the previous report on DOPC (Ulrich and Watts, 1994)
and POPC (Bechinger and Seelig, 1991), suggesting that the
choline end of the DPhPC headgroup also moves closer to
the hydrocarbon layer upon initial dehydration.

There are, however, three new features emerging from
the result of this DPhPC study. First, DPhPC is more

sensitive to the water content than DOPC and POPC, be-
cause the NMR parameters start to change at relatively
higher hydration states (Fig. 4 B). Second, an isotropic 2H
signal can be detected for DPhPC at the rather high water
content of 10-11 water molecules per lipid (Fig. 4 A), but
it is absent for both DOPC and POPC, even at the lowest
studied water content of -4 water molecules per lipid.
Third, there is an additional dehydration-induced lamellar-
to-lamellar transition for DPhPC at 25°C (Fig. 3).
The absence of isotropic components with DOPC and

POPC membranes is probably correlated with the observa-
tion that these two lipids do not form the HII phase. The
chemical structures of the phosphocholine headgroup of
these PC molecules are essentially identical; therefore, the
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FIGURE 4 Representative 31P and 2H NMR spectra of DPhPC at 25'C
and indicated water/lipid molar ratio n, (A) and 2H NMR quadrupolar
splitting, Avq, recorded as a function of the water/lipid molar ratio of
DPhPC multilamellar at 25°C (B). The quadrupolar splitting of DOPC is
taken from Ulrich and Watts (1994). It should be noted that the amount of
isotropic component in the 31P spectrum is similar to the related 2H
spectrum for nw = 9.8, if one considers that there are actually a and ,B
splitting of the 2H signal. The filled diamonds represent the presence of
isotropic signals at the studied water content.

quantitatively different behavior of the PC headgroup can

only be attributed to the distinct physical packing property
of DPhPC bilayers. For instance, one of the major differ-
ences in a physicochemical property is that the molecular
surface of DPhPC determined by the monolayer method is
17 A2 greater than that of POPC at all surface pressures

measured (Pownall et al., 1987). The designated extra sur-

face area for DPhPC, if the depth of the phosphocholine
group is taken into further consideration, can easily accom-

modate four or five water molecules per lipid. It suggests
that the packing geometry near the headgroup region plays
a crucial role in the dehydration-induced headgroup reori-
entation and membrane structure of DPhPC.
The equilibrium coexistence of two phases of DPhPC has

also been observed by x-ray diffraction with relative hu-

O * ~DPhPC_
0 0. -CaD2-CD2

o . 0
DOPC 0°00o oo0O 0

El (,,,CEOcl 1 Elo 0
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midity near 85-90% (Wu et al., 1995). Their interbilayer
space, estimated from the difference between the bilayer
thickness and lamellar spacing (see figure 6 in Wu et al.,
1995) of DPhPC, is -9-10 A, the water content of which
can be estimated (- 10-12 water molecules) to be similar to

the hydration content of DPhPC used in this study. There-
fore, the lamellar-to-lamellar transition detected by this
NMR study is indeed associated with the transition detected
by the x-ray diffraction method. The discrepancy in not

detecting nonlamellar structure in previous x-ray studies on

oriented multilamellar bilayers may be attributed to the
boundary condition imposed by the glass plates. In fact,
recent x-ray diffraction studies on powdered DPhPC sam-

ples have also detected nonlamellar structures under similar
experimental conditions (Harroun et al., 1996; H. W.
Huang, personal communication).
To explain the decreased hydrophobic thickness detected

by x-ray diffraction (Wu et al., 1995) and the altered head-
group orientation detected by NMR, a schematic model of
DPhPC transition with special emphasis on the headgroup
region is proposed (Fig. 5). Under excess water, or with a

water content higher than 16 water molecules per DPhPC,
the PC headgroup adopts a "normal" orientation, with the
P-N dipole approximately parallel to the membrane surface.
As in other PC membranes, initial dehydration of the sample
moves the N-end of the choline group toward the hydrocar-
bon region (Bechinger and Seelig, 1991; Ulrich and Watts,
1994). However, as the water content reaches -8-10 water
molecules per DPhPC, a novel lamellar-to-lamellar transi-
tion occurs. The cross-sectional area of the fatty acyl chain
expands (He et al., 1996), and the orientation of the phos-
phocholine headgroup tilts to a different direction. Specifi-
cally, we propose that the choline group may protrude back
to the water layer to account for the opposite effect on the
quadrupolar splitting Avq of -CD2- at both C,, and Cp

18

0-1
'u 16
C.

X 14

3 12

0-1

.= 10to

8

42 43 44 45 46 47 48 49 50

Lamellar repeat distance upon dehydration (A)

FIGURE 5 A schematic model to explain the respective effect of dehy-
dration on the headgroup orientation and interbilayer water space detected

by NMR and x-ray study. The data points of interbilayer water distance are

calculated from the difference between the lamellar repeat distance and the

bilayer peak-to-peak distance reported by Wu et al. (1995).

positions (Fig. 2), and the sudden increase in the interbilayer
space detected by x-ray diffraction (Fig. 5).
One of the possible factors responsible for the proposed

rearrangement of the phosphocholine headgroup of DPhPC
as compared with other DOPC or POPC molecules is the
relatively large cross-sectional area in DPhPC, which is
determined to be -76-80 A2 and is at least 10 A2 larger
than the 68 A2 determined for most of the PC molecules in
the L, phase (Beschiaschvili and Seelig, 1990). Upon de-
hydration, the relatively large empty space of DPhPC in the
polar headgroup region would allow interdigitation of the
phosphocholine headgroup, as depicted in Fig. 5. Interdig-
itation of the phospholipid headgroup has at least been
detected in the crystal structures of phosphatidic acid (PA)
and PE (Pascher et al., 1992). These molecules also contain
smaller cross-sectional areas of headgroup than that of the
fatty acid chain region. Future study of the headgroup
orientation, using oriented DPhPC bilayers, may allow de-
tailed characterization of the proposed conformational
change of the PC headgroup.

Phase diagram of DPhPC

In light of the temperature-dependent behavior of DPhPC,
we also attempted to explore the possibility that there are

other phase transitions of DPhPC at subzero temperature
ranges, as detected by NMR, because it was claimed that
there was no detectable gel-to-liquid crystalline phase tran-
sition for DPhPC over a wide temperature range from
- 120°C to 1200C (Lindsey et al., 1979). The absence of
structural transition of phospholipid at subzero temperatures
as low as - 1200C appears unlikely, because we have re-

cently observed headgroup freezing events in all of the
studied phosphocholine-containing lipids near the homoge-
neous nucleation temperature, TH, of ice formation, i.e.,
-400C (Wu et al., 1991; Hsieh and Wu, 1996). It has been
known for some time that the axial rotation of the entire
lipid molecule is associated with the pretransition in phos-
phatidylcholine bilayers (Marsh, 1980). The observed freez-
ing event of the phospholipid headgroup near -40°C is
expected to impose a lower limit for the main phase tran-
sition of water containing phospholipid dispersion.
As shown in Fig. 6, the lamellar structures of DPhPC

remain in the La phase at subzero temperatures higher than
TH for hydration states higher than 11 water molecules per

lipid. Not only is an axial symmetrical pattern maintained;
the CSA value also remains at about -40 ppm. The 31p
NMR lineshapes start to change into an asymmetrical pat-
tern and represent a rigid lattice-like structure when the
temperature is reaches TH. At a water/lipid ratio of 8.2, the
broadening effect on the 31P NMR spectra is clearly visible
at -30°C, suggesting that a phase transition occurs above
this temperature. In general, dehydration will elevate the
transition temperature of DPhPC, as detected by the freez-
ing event of the phosphocholine headgroup (Fig. 6 A).
As a further check on the phase transition point at subzero

temperatures, we also obtained 2H NMR spectra of D20 in

I ~~I I I
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(A) 31P-NMR

nw 10.7 8.2 4.5 2.9 nw 10.7

(B) 2H-NMR
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FIGURE 6 31P and 2H NMR spectra obtained from
D20/DPhPC at indicated temperatures and water/lipid
molar ratios during the heating process. The second
set of 2H NMR spectra were lOx expended for the
details of the linewidth and lineshape of the associated
spectra. The D20 2H spectra were reversible during
the cooling/heating process at the studied water con-
tent, suggesting that there was no excess water re-
moved from the interbilayer space during the cooling
process.
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DPhPC dispersion. The detection of 2H NMR signal of D20
in the interbilayer space has previously been shown as a
sensitive method for determining the phase diagram of
dipalmitoyl PC (Ulmius et al., 1977). A similar approach
may then be used to check the phase behavior based on the
2H NMR result at subzero temperatures. For instance, the
small residual splitting of the interbilayer D20 signal is also
evident for DPhPC in the lamellar phase, which is consistent
with similar studies on DMPC bilayers (Hsieh and Wu,
1996). By examining the linewidth and lineshape of the
obtained 2H NMR spectra, we are able to extend the phase
diagram established at high temperatures into the subzero
temperature range. Fig. 7 summarizes the phase diagram of
DPhPC based on 31P and 2H NMR results obtained from
-40°C to 80°C.

headgroup reorientation and thus stabilize the peripheral
binding state.
The hydration-dependent binding of amphiphilic

polypeptides as a result of the molecular rearrangement in
the headgroup region may provide an alternative explana-
tion for other protein-lipid interactions. For instance, hydra-
tion may also play important role in gramicidin-induced HI,
phase formation in DOPC model membranes; dehydration
in DOPC inhibits the gramicidin-induced HI, phase forma-
tion (Killian and de Kruijff, 1985). If one assumes that the
inserted mode of gramicidin in DOPC may behave simply
to increase the cross-sectional area of packing geometry in
the hydrophobic region, and thus mimic the packing of

100

80Implication in polypeptide-membrane interactions
and the intrinsic curvature of membranes

DPhPC has been used extensively in the electrophysiolog-
ical and physicochemical interaction of polypeptides with
membranes, but its membrane packing geometry has not
been investigated before. We show in this 31p and 2H NMR
study that the headgroup orientation of DPhPC is highly
sensitive to hydration, and there is a sequel of phase trans-
formation from lamellar to nonlamellar packing geometry
upon dehydration from 12 to 4 water molecules per lipid.
The constructed phase diagrams of DPhPC are expected

to aid our understanding of the mechanism of insertion of
polypeptides into lipid membranes and pore formation. For
instance, the orientation of alamethicin in the DPhPC bi-
layer has been shown to be hydration dependent; dehydra-
tion in the DPhPC bilayer inhibits the insertion of alamethi-
cin (Huang and Wu, 1991; He et al., 1996). Because
alamethicin binds peripherally to DPhPC membranes in
such a way as to expand the membrane surface area by 280
A2 for each adsorbed peptide, alamethicin may simply fill
the void volume created by the dehydration-dependent
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FIGURE 7 Phase diagram of DPhPC in water. The approximate phase
boundaries were constructed based on the NMR data points representing
the designated phase. i, Coexistence of two lamellar phases, La and L',,
with the presumably cubic phase, C. The filled symbols represent lipid
phases with pure bilayer (La), cubic (C), and inverted hexagonal (HI,)
phases; the open symbols represent lipid polymorphism with the indicated
phase mixtures.
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DPhPC, dehydration should enhance HI, phase formation.
To reconcile the apparent contradiction, domains of specific
interaction or energetical accessibility to the gramicidin/
lipid system at low water content were proposed (Chupin et
al., 1987; Watnick et al., 1990). It may be possible that there
is also a hydration-dependent change in the binding mode of
gramicidin in DOPC membranes. Hydration-dependent
binding, such as in the case of alamethicin in DPhPC, may
therefore provide an alternative explanation on gramicidin-
lipid interaction suggested before.

Other lines of evidence are consistent with the interpre-
tation that the peripheral binding mode of amphiphilic
polypeptides may be stabilized by the void volume created
by dehydration or molecular rearrangement in the head-
group region. It has been shown by OCD measurement that
there is an apparent increase in the alamethicin/lipid stoi-
chiometry for the same amount of alamethicin insertion into
DPhPC as in DOPC (Huang and Wu, 1991). The insertion
of alamethicin into the DPhPC membrane is, therefore,
more difficult than that into DOPC because of the strong
tendency of alamethicin to remain in the peripheral binding
mode of DPhPC. Recent study of the interaction of the
PE/PC mixture with alamethicin also indicates that the
effect of PE may simply create a space for alamethicin to fill
in the water layer and stabilize the peripheral binding state
of alamethicin (H. W. Huang, personal communication).
Therefore, the molecular packing of molecules in the head-
group region should also play a role, in addition to the
hydrophobic match, in determining the exact binding mode
of amphiphilic polypeptides with membrane bilayers.
The hydration-dependent curvature of DPhPC membrane

will also help in establishing the role of molecular packing
in the determination of intrinsic curvature in membranes.
Most of the previous studies on the effect of curvature on
the phospholipid packing in membranes have mainly fo-
cused on the fatty acyl chain region (see, for instance,
Lafleur et al., 1996), but it is known that the structure and
dynamics of polar headgroup are also significantly per-
turbed, as evidenced by the differential linewidth of the
NMR signal from the inner and outer monolayers of soni-
cated membrane vesicles in the headgroup region (Wu,
1995). Despite the advances in relating the elastic property
(Helfrich, 1978; Gruner, 1985) of the monolayer to the
molecular shape (Israelachvili, 1992; Marsh, 1996), the
packing parameter can only be operationally considered to
be a general quantity that effectively includes interactions
between the lipid polar headgroups and between the lipid
hydrocarbon chains. We show in this study that "dehydra-
tion" of a DPhPC molecule at a water/lipid ratio higher than
the primary hydration shell (Hsieh and Wu, 1996), thus
without dramatic perturbation of their chemical interaction,
may induce change in the membrane packing geometry in
an interesting manner. Therefore, molecular rearrangement
in the headgroup region also plays a role in modulating the
intrinsic curvature of membranes. Future study to provide a
detailed molecular information and elastic property of
DPhPC may allow quantitative estimates of important pack-

ing parameter useful for our understanding of the polymor-
phic membrane structures.

CONCLUSION

Diphytanoyl phosphatidylcholine, DPhPC, is shown to ex-
hibit a diverse membrane packing geometry in response to
variations in temperature and water content, in contrast to
the general belief that it forms a stable liquid-crystalline
bilayer. A lamellar-to-lamellar transition of DPhPC associ-
ated with the headgroup reorientation is also demonstrated
by 31P and 2H NMR spectroscopic investigation. The tran-
sition is hydration- as well as temperature-dependent and
exhibits a novel property in expanding the lipid surface area
and in changing the phosphocholine headgroup orientation
upon dehydration. This is in sharp contrast to the dehydra-
tion-induced reduction of the surface area and movement of
the choline group toward the hydrocarbon layer in most of
the other PC dispersions. A schematic model is proposed to
explain the existing data of DPhPC membranes. The obser-
vation is interesting because it provides an explanation of
the hydration-dependent binding of polypeptides with phos-
pholipid membrane. It is suggested that DPhPC may serve
as an interesting system for investigating the relationship
between molecular packing geometry and the intrinsic cur-
vature of membranes.
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