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ABSTRACT. Membrane fusion is a ubiquitous process in eukaryotic cells. When two membranes fuse,
lipid must undergo molecular rearrangements at the point of merging. To understand how lipid structure
transitions occur, scientists studied the phase transition of lipid between the lamg)lphése and the
inverted hexagonal (i} phase, based on the idea that lipid must undergo a similar rearrangement as in
fusion. However, previous investigations on the system of dioleoylphosphatidylcholine (DOPC) and
dioleoylphosphatidylethanolamine (DOPE) did not reveal intermediate phases betweenahd H,

phases. Recently, we found a rhombohedral phase of diphytanoylphosphatidylcholine betwgamdts L

H, phases using substrate-supported samples. Here we report the observation of two new phases in the
DOPC-DOPE system: a rhombohedral phase and a distorted hexagonal phase. The rhombohedral phase
confirms the stalk hypothesis for the tH transition, but the phase of stable stalks exists only for a
certain range of spontaneous curvature. The distorted hexagonal phase exists only in a lipid mixture. It
implies that lipids may demix to adjust its local spontaneous curvature in order to achieve energy minimum
under stress.

In cell membranes, lipids form thermodynamically stable scientists have extensively investigated lipid systems under-
bilayers that are the universal basis for membrane structure.going the transitions between the lamellag)lphase and
These same lipids, however, must undergo drastic conforma-the hexagonally packed cylindrical {(H phase 3-8),
tion transitions during membrane fusion. What drives the searching for structures that might resemble presumed
lipid structural changes is a key question at the heart of the intermediate states of fusion. This connection would help to
membrane fusion probleml(2). To find the answer, Cclarify the free energy pathway for the fusion process.
Recently, a stable lattice of lipid fusion structure, a rhom-
bohedral phase, was found in an obscure lipid, diphytanoyl-
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we show the observation of a rhombohedral phase and awas oriented at a small incident angtel(’) with respect to
distorted hexagonal phase in the DOHBOPE system. This  the plane of the substrate. X-ray diffraction was collected
finding sheds new light on lipid structural transitions. using a Siemens X1000 multiwire proportional chamber (512
Membrane fusion is a ubiquitous process for the distribu- x 512 pixels; Bruker AXS Inc., Madison, WI) at the sample-
tion and redistribution of biomolecules in cells and between to-detector distance of 21.54 cm. The distance was measured
cells. As such, its occurrence requires special proteins andusing sucrose powder as a calibration standard. The experi-
is subject to selective control. Initially, there was a question mental setup at beamline X21 of the NSLS was similar to
as to whether the mechanism of fusion is basically lipidic in the one described in Yang and HuantO) with some
nature (the lipidic pore hypothesis) with proteins playing a improvements, including (1) a rapid in-plane rotation of the
catalytic role or whether proteins play the dominant role (the substrate to ensure the (in-plane) uniformity of the sample
protein pore hypothesis). Accumulated evidence has led toand (2) an improvement on the heaters to allow for higher
a generally accepted conceptual framework that fusion eventssample temperatures. The results obtained from the two
occur by lipid molecular rearrangements that, though clearly sources are consistent. The diffraction patterns reported here
modified by the presence of proteins, can be studied andwere obtained from the NSLS.
defined in their essence through the use of appropriate model The temperature of the sample and the relative humidity
membrane system$)( The main task of the protein catalysts (RH) of its surrounding air were controlled inside a sample
is to provide specificity to the fusion event by limiting itin  chamber {0). The sample was attached to a temperature-
time and space within the cells and to reduce energy barrierscontrolled aluminum disk. Directly facing the sample surface
to the intermediate and the final states of bilayer fus®n (  was a water reservoir, where the water temperature was
According to the widely accepted model for membrane adjusted to vary the relative humidity inside the sample
fusion (1, 2), the first intermediate state of two fusing lipid chamber. A temperature transducer (AD590, Analog De-
bilayers is the merging of two apposing monolayers, resulting vices) and a relative humidity sensor (HC-600, Ohmic, MD)
in an hourglass-shaped structure, called a stalk, where thewere mounted close to the sample to monitor the sample
merged monolayer bends toward the lipid headgroups, condition. The outputs from the sensing elements were fed
described as a negative curvature. This process is alsa0 PID feedback control circuits, which in turn powered two
expected to occur in the transition from the lamellar phase sets of Peltier modules (Melcor, NJ), one for heating or
to the inverted hexagonal phase. Thus it is generally believedcooling the sample and another for the water reservoir. The
that fusion membranes contain lipids endowed with a chamber was covered by a double-layered insulating wall
spontaneous negative curvature, such as DOPE or mixturedncluding kapton windows for the passage of X-rays.
of DOPE and DOPC that are well-known for their inverted Between the two layers a resistive heating coil maintained
hexagonal phases. Indeed, much of the conceptual frameworkhe surface temperature of the chamber above that of the
for the membrane fusion problem has derived from the sample so as to avoid water condensation on the kapton
studies of the L,—H, transitions. However, the experimental Wwindows. During the measurement, the sample mount was
data of the L,—Hj transitions alone did not provide sufficient ~ shifted frequently so that different parts of the sample were
constraints for the possible intermediate states of fudidn (  exposed to X-rays. This was to avoid radiation damage to
15). In fact, the absence of an intermediate state or phasethe sample. An X-ray attenuator (a stack of aluminum foils)
between the L and H, phases of the DOPEDOPE system  was used to reduce the intensities of the first few orders of
was puzzling, as if the theoretical understanding were amiss.reflection normal to the substrate, so as to avoid saturating

Our work was motivated to resolving this puzzle. the pixels on the CCD detector.
The experiment was performed by varying the humidity
MATERIALS AND METHODS in steps of 3% RH at a fixed temperature. Five minutes was

allowed for the sample to change to a n@¥iRH setting.

The exposure time for diffraction at ea@/RH setting was

4 min at the NSLS and 30180 min at Rice. The diffraction
pattern was stable during these exposure times. No streaks
or elongated peaks were observed, indicating that the
underlying structure of the sample was stable during the
measurement.

1,2-Dioleoylsnglycero-3-phosphatidylcholine (DOPC)
and 1,2-dioleoylsnglycero-3-phosphatidylethanolamine
(DOPE) were purchased from Avanti Polar Lipids (Alabaster,
AL) and used as delivered. DOPO®OPE mixtures were
deposited from an organic solution on flat SiMgj, or SIG,
substrates. The lipid amount was about 0.5 mg/chine
organic solvent was a trifluoroethanol (TFEhloroform
m|xtqre. The ratio pf TFE to chloroform was varied to 9iVe KESULTS AND DISCUSSION
a uniform spreading on the substrateg), The organic
solvent was then removed in a vacuum or evaporated in open  Figure 1 shows the four diffraction patterns observed in
air. Afterward, the deposit was hydrated with saturated water the range of temperature 265 °C, humidity 35-100% RH,
vapor at room or higher<35 °C) temperature. and the DOPC/DOPE ratios 1/0, 3/1, 2/1, 1/1, 1/2, 1/3, and

X-ray diffraction was measured both at Rice with a 0/1. At a very small incident angle, the coordinates of the
laboratory X-ray generator and at beamline X21 of the diffraction pattern on the area detector are approximately in
National Synchrotron Light Source (NSLS), Brookhaven proportion to the reciprocal spacing. The vertical coordinate
National Laboratory (Upton, NY). At Rice, a point source is perpendicular to the substrate surface. The horizontal
of Cu Ka radiation (operating at 35 mA/40 kV) was first Ni  coordinate is proportional to the magnitude of the in-plane
filtered and then focused by a pair of spherically bent X-ray component of the reciprocal vector. (Note that the crystalline
mirrors (Charles Supper Co., Natick, MA). The mirrors were domains were randomly oriented around the vertical.) The
Ni-coated to further reduce the/Kradiation. The sample  pattern of Figure 1a corresponds to a lamellar latticg,(L
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Ficure 1: Phases of DOPC/DOPE mixtures identified by diffraction patterns. The X-ray diffraction patterns were recorded on an area
detector at a fixed incident angle such that the coordinates on the area detector are approximately in proportion to the reciprocal spacing.
The vertical coordinate is perpendicular to the substrate surface. The horizontal coordinate is proportional to the magnitude of the in-plane
component of the reciprocal vector. (The crystalline domains were randomly oriented around the vertical.) All four patterns are on the same
scale; the red bar shown in (a) represents 1.0%ifhe white strip in each image was the shadow of an X-ray attenuator. The dark rings
were due to the kapton windows on the sample chamber. The images are diffraction patterns of (a) a lamellar structure corresponding to
the L, phase, (b) a rhombohedral structure (space gR8)pdesignated as the R phase, (c) a two-dimensional hexagonal structure (space
groupP6) corresponding to the inverted hexagonalidhase, and (d) a two-dimensional distorted hexagonal structure (spaceRffpup
designed as the | phase. Below each image, we show the temperaflyetife ambient relative humidity (RH), and the DOPC/DOPE

ratio of the sample where each phase was detected (the phase symbols arg LRdpt.R, H for H;, and D for H,s). The experiment

was performed by varying the humidity in steps of 3% RH at a fixed temperature. The vertical thick gray lines indicate the range of RH
within which the measurement was taken.

Figure 1b to a rhombohedral lattice (R), Figure 1c to a two- technique. The electron density distribution of its unit cell
dimensional hexagonal lattice ([ and Figure 1d to atwo- was constructed from the diffraction patter, (L0). Its
dimensional distorted hexagonal lattice,fH The symmetry structure can be viewed as the consequence of an osmotic
of Hys is 2D monoclinic (space group2), but it is more pressure (due to dehydration) on a lamellar phase that causes
useful to view it as a distorted hexagonal. Such a phase hameighboring bilayers to make local contacts and the subse-
not been reported before and appears not to exist in single-quent merging of two contacting monolayers, making the
component lipids 17, 18). A rhombohedral phase of lipid previously separated monolayers continuous via an hourglass-
was first discovered by Luzatti's grouf®) but not between  shaped structure, or a stalk, as theoretically expeded (
L and H,. Its unit cell structure is also different from what 8). The R phase reported by Luzzati's group was described
is seen here. The reason the R ang ldhases were not as a stack of hexagonal networks of inverted tubes of lipid
detected previously in the DOPDOPE system is not clear.  (16). The topology of Luzzati's structure is the same as ours,
The main difference between the previous experimefits ( but the two differ in the unit cell structure. The R phase of
5, 7, 11, 12) and ours is in the sample preparation, i.e., DOPC-DOPE mixtures is similar to that of the DPhPC. This
powder vs substrate-supported samples. In our experimenis the intermediate structure that has been theoretically
the hexagonal planes of the R phase and the lipid cylindersexpected to be between a lamellar phase and a hexagonal
of the hexagonal phase laid parallel to the substrate. Perhapghase. However, as shown in the phase diagrams (Figures 1
the substrate helped in stabilizing large domains of these newand 2), not all l,—H, transitions have an intermediate R
phases, making them easier to be detected. phase. Pure DOPC has only lamellar and rhombohedral
The R phase appeared to be an equilibrium state, unlikephases for humidities above 35% RH. As the fraction of
the cubic phase of DOPE observed by Shyamsunder et al.DOPE increases in the mixture, the R phase appears in higher
(19 at ~4 °C that was considered metastable. This cubic humidities and the hexagonal phasgsafd H,s appear on
phase emerged only after the DOPE sample was subjectedhe low hydration side. The R phase only appears in the
to a thermal cycle betweer5 and 15°C, repeated for = DOPC/DOPE mixtures with the molar ratio greater that/
hundreds of timesl@©). On the contrary, the phase diagrams 2. Below that ratio, the R phase is absent, and the lamellar
shown in Figures 1 and 2 were reproduced repeatedly withoutphase transforms directly to the hexagonal phase. Interest-
any special treatment given to the samples. Thg phase ingly, the pattern of the phase diagram remains the same at
also appeared to be an equilibrium state, except its diffraction higher temperatures, except that the same pattern shifts to
pattern seemed most of the time accompanied by a smalllower DOPC/DOPE ratios. For example, the phase diagram
minority of either the R phase or the regulay phase (see  of 1/1 DOPC/DOPE at 65C is similar to that of 1/2 DOPC/
the legend of Figure 2). DOPE at 35C (see Figure 2). Conversely, the phase diagram
An R phase between an land an K phase was first found  of pure DOPE at low temperatures observed by Gawrisch
by two of us 9, 10) in DPhPC by the same diffraction etal. (L2) is similar to that of 1/3 DOPC/DOPE in Figure 2;
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Ficure 2: Phase diagram of DOPC/DOPE mixtures. Each sample was measured twice atRtddetting, once by increasing and the

other time by decreasing the hydration to the set point. The phase boundaries depend somewhat on the direction of hydration change. Thus
some part of the observed mixed regions might contain metastable structures that do not represent the true equilibrium phases. These
approximate phase diagrams have been reproduced by repeated measurements with independently prepared samples. (Left) Phase diagrar
at 35°C. (Right) Phase diagram of 1/1 DOPC/DOPE at different temperatures. Note that the effect of raising the temperature in the phase
diagram at the right is similar to lowering the DOPC/DOPE ratio in the phase diagram at the left.

i.e., there is a L phase between the high RH and the low

RH H, phases. Thus, roughly speaking, increasing temper-a | <i5 °© 4 b *
ature is equivalent to increasing DOPE in the mixture, and <[ [ p—— ]
decreasing temperature is equivalent to increasing DOPC in ~ | i 2 ]
the mixture. It is an important observation that a rhombo- & |[“ & ‘ﬁ‘ E =
hedral phase may not exist in full hydration. The R phase _~F & & T
seems only to appear on the dehydrated side of a lamellar | e® ‘ @0 . | \
phase. Similarly, the process leading to a fusion event is the & T/g

1 L 1 ] 1 1

removal of the water molecules between two bilayers. Astalk = 7 3 R—

intermediated state is supposed to emerge from such a locally - (nm)

dehydrated condition. Ficure 3: Lattice of the distorted hexagonal phase. (a) The
Another new feature in the phase diagram is the distorted diffraction peaks of 1/1 DOPC/DOPE at 26 and 56% RH are

A . . on a 2D monoclinic lattice (space grol®2) marked by solid red
hexagonal phase. Significantly, the discovery of this phase .jcles defined by the reciprocal vectdrs(1.51 cosy, 1.51 siny)

alters the concept of the bending energy for a mixed-lipid andb, (0, 1.51) nn1%, wherey = 53.8 is the angle between the
monolayer. Conventionally, a lipid monolayer is described two vectors. The peaks marked by dotted red circles are the mirror
as having a spontaneous curvatGgeand its bending energy ~ image of those marked by solid red circles. The appearance of the
is given as an integral over the aréa [«(C — C,)? dA mirror image is due to the crystalline domains being randomly

. . L oriented in the plane of the substrate. (There is also a minority
where « is the bending rigidity andC the actual mean jstorted hexagonal phase whose plane is not parallel to the

curvature of the monolayed{, 20). We now realize that  substrate, as marked in blue.) (b) The corresponding crystal axes
the spontaneous curvature may not be a constant in a mixeda; (4.16, 0) anda, (—4.16 cosy, 4.16 siny) nm. (c) A regular
lipid monolayer. Figure 3 shows the reciprocal vectbys ~ hexagonal lattice, for comparison.

(b1 cosy, by siny) andb; (0, b,) for the distorted hexagonal demixed from the average stoichiometric ratio, so that the
pattern (Figure 1d) and the corresponding crystal eses local DOPC/DOPE ratio is not uniform around the cross
(a1, 0) anda; (—az cosy, a; siny). In a regular hexagonal  section. Why some of the hexagonal phases are distorted

pattern (Figure 1c) we have= /3, b = by, anda; = a,. but the others are regular (see Figure 2) will need to be
One can transform a regular hexagonal lattice into a distortedinvestigated further.

hexagonal lattice by the transformatiogyj — (x — Sy,ay), In molecular biology the membrane fusion problem is
wherea andj are obtained fronwa; sin (7/3) = a; siny unique in having a very active theoretical inpdf 14, 15,

andfa; sin (1/3) = a; cosy — a; cos (@/3). For example, 22—29). This is due to the recognition that the functions of
if a regular hexagonal phase contains circular cylind2ty ( fusion proteins can only be understood in terms of their
of lipid with a cross section described a&ost, sint), t = couplings with the free energy pathway of lipid conformation
0 to 27, a distorted hexagonal phase could contain distorted changes, 2). However, as the long succession of recalcula-
cylinders with a cross section given b{cost —  sint, o tions for the stalk energy7( 13—15, 22, 23, 25, 26) shows,

sin t), where we allow rescaling ai. The former has a  there has been a lack of experimental constraints on the
constant curvatur€ = 1/a, and the latteC = (a/a){sir? t theoretical calculations. Here the finding of the R phase
+ 28 sint cost + (a2 + ?) cog t} 732 The shape of the  between |, and H, confirms the previously speculated stalk
cross section of the lipid cylinders in a regular hexagonal hypothesis. At the same time the phase diagram of the R
phase is not known exactly but is most likely between phase indicates an unforeseen constraint for the formation
circular and hexagonaR(). It is obvious that energetically  of stable stalks. A mixture of DOPC and DOPE modulates
a constant spontaneous curvature favors a regular hexagonahe spontaneous curvature to a value between a <palf
phase. Thus the appearance of a distorted hexagonal phasBOPC and a larg€, of DOPE. Apparently, an R phase is
implies that the local spontaneous curvature varies aroundcompatible only with a certain range €% not exceeding
the lipid cylinder. This could happen only if the lipids had that of 1/2 DOPC/DOPE. The existence of distorted hex-
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agonal phase implies that a monolayer consisting of multiple
lipid components may demix, or adjust its local spontaneous
curvature to achieve energy minimum, under stress. This

suggests the possibility that the energies of the intermediate
states of membrane fusion may be lowered by this degree

of freedom. These experimental facts will need to be
incorporated into theoretical considerations henceforth.
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