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Probing the Local Order of Single Phospholipid Membranes
Using Grazing Incidence X-Ray Diffraction
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We report the first grazing incidence x-ray diffraction measurements of a single phospholipid bilayer at
the solid-liquid interface. Our grazing incidence x-ray diffraction and reflectivity measurements reveal
that the lateral ordering in a supported DPPE (1, 2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine)
bilayer is significantly less than that of an equivalent monolayer at the air-liquid interface. Our findings
also indicate that the leaflets of the bilayer are uncoupled in contrast to the scattering from free standing
phosphatidylcholine bilayers. The methodology presented can be readily implemented to study more
complicated biomembranes and their interaction with proteins.
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One of the most intriguing issues in membrane biology
today is their lateral organization [1]. Do lipids and pro-
teins mix uniformly within cellular membranes or are they
arranged in discrete domains? For example, the spacing,
size, and transmembrane asymmetry of cellular membrane
domains may be key properties that govern function [2]. If
these domains or “‘rafts” are laterally ordered, grazing
incidence x-ray diffraction (GIXD) has the potential to
address the following questions: (i) What are the packing
properties of lipids including repeat distances and molecu-
lar tilts in the ordered portion of the membrane? (ii) How
big are the effective sizes of scattering domains? (iii) Is
there coupling between the two phospholipid leaflets or do
they scatter independently? Salditt and co-workers have
demonstrated the power of using GIXD to characterize
multilayer stacks of lipids and proteins in humid environ-
ments [3,4]. Here, the study of single biomembranes in
bulk water is demonstrated which has potential for more
biologically relevant conditions and simplification of struc-
ture. In addition, specular x-ray reflectivity (XR) measure-
ments are sensitive to the electron density distribution
along the surface normal, complementing the precise in-
plane packing properties and correlation length scales of
the ordered (diffracting) portions of the film provided by
GIXD [5,6]. By combining such measurements with
knowledge of the chemical structure of the molecules,
the organization of thin films can be extracted in a quite
general approach. At conventional photon energies of
~10 keV, x rays are strongly attenuated and incoherently
scattered by water, limiting XR and GIXD studies to thin
films at the solid-air or liquid-air interface. Recently, some
straightforward modifications such as increasing the x-ray
energy and minimizing the path of x rays through water
have overcome these limitations and enabled the study of
single membranes in bulk water [5—8].
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In this study, XR and GIXD were utilized to determine
the structure of a single, supported bilayer of DPPE (1,2-
Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine) at the
single crystal quartz-water interface. The inner and outer
leaflet of the DPPE bilayer were deposited by the
Langmuir-Blodgett and Langmuir-Schaffer (L-B/S) dip-
ping techniques [9]. Both depositions were done at a
surface pressure of 45 mN/m and 23 °C, which corre-
sponds to the gel-phase of DPPE. Details of the solid-liquid
interface cell were given previously [5]. Synchrotron x-ray
measurements on DPPE bilayers were carried out at beam
lines 9-ID and 6-ID at the advanced photon source (APS),
Argonne National Laboratory (ANL) (Argonne, IL) at
wavelengths of 0.690 and 0.545 A. By modeling the mea-
sured specular XR, detailed information on the average
electron density distribution in the direction normal to the
interface was determined [10].

For the GIXD experiments, Bragg peaks arise from
scattered intensity along the scattering vector component
parallel to the quartz substrate, g,,(or ¢;) = (47/A) X
sin(26,,/2), where 26, is the angle between the incident
and diffracted beam projected onto the quartz plane [11].
The width of the Bragg peaks, corrected for the instrumen-
tal resolution [12], gives the finite size of the crystalline
domains in the direction of the reciprocal scattering vector
dyy (the 2D in-plane crystalline coherence length, L,,)
according to the Scherrer formula [13]. In-plane and out-
of-plane resolutions for the bilayer experiments were
Ag,, =0.0267 A™' and Ag, = 0.001 A~'. The GIXD
images were recorded using FujiFilm BAS-5000 image
plates (IP) and a Mar345 image plate detector with 2—4 s
exposure times. Comparison studies on DPPE monolayers
were carried out using the liquid surface diffractometer
(with Ag,, = 0.008 A~") at the BW1 (undulator) beam
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line at HASYLAB, DESY (Hamburg, Germany). The the-
ory of XR and GIXD has been presented in detail else-
where [14,15].

First, the formation of a single homogenous DPPE bi-
layer at the solid-liquid interface was verified by reflectiv-
ity measurements [5]. Reflectivity profiles of a single
bilayer in contrast to a single monolayer leaflet at the
water-air interface (at 45 mN/m) are shown in Fig. 1(a).
The corresponding electron density profiles from box
model fitting procedures [10] are shown in Fig. 1(b). The
structure of the outer bilayer leaflet matches well to the
monolayer at 45 mN/m, with similar headgroup and tail
region densities and thicknesses. A thin water layer be-
tween the inner DPPE leaflet and the quartz substrate was
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FIG. 1. (a) Reflectivity profile for a DPPE bilayer deposited at
45 mN/m at the quartz-H,O interface and a DPPE monolayer at
the H,O-air interface (45 mN/m). The vertical momentum
transfer vector g, is 47 sinf/ A, where 6 is the angle of incidence
to the interface and A is the wavelength of x-ray beam. Symbols
represent measured data and solid lines are the fits corresponding
to the scattering length density profiles in (b). (Inset) Schematic
of the experimental cell. (b) Scattering length density and
electron density profiles corresponding to the fits in (a) and
obtained by box model fitting procedures. The electron density
profile for the DPPE monolayer has been oriented for compari-
son with the outer leaflet of the bilayer.

not required to model the reflectivity data but the presence
of such a layer cannot be ruled out. Comparable studies
with phosphatidylcholine (PC) lipids, which are known to
be more hydrated than PE lipids [16], require a 4-5 A
water layer [5].

For GIXD experiments, the incident x-ray beam was
adjusted to strike the surface at the vertical momentum
transfer vector g, = 0.62¢,., where g. = 0.0256 A~ Vis the
critical scattering vector for total external reflection for
quartz submerged in water (e-densities of quartz and water
are 0.797 e~ /A3 and 0.334 ¢~ /A3, respectively). At this
angle the incident wave is totally reflected, while the
refracted wave becomes evanescent traveling along the
interface.

Figure 2 shows the IP for Bragg reflection from a DPPE
bilayer in bulk water. Bragg peaks are the intensity re-
solved in the g,, direction and integrated over the ¢, range
(—0.04 A™! < ¢, < 0.3 A™"). Bragg rods are the intensity
resolved in the g, direction and integrated over the g,
range (1.46 A~ < Gy < 1.54 A™1) of the Bragg peak.
The magnitudes of momentum transfer vectors were cal-
culated using the instrument geometry and x-ray wave-
length and confirmed by powder diffraction from standard
salts. For the DPPE bilayer, Bragg scattering can be ob-
served at g, = 1.5 A~ (Fig. 3) and extends perpendicu-
larly from the interface up to g, = 0.25 AL

For all DPPE bilayers studied (a dozen measurements
across 3 sample preparations), only one in-plane Bragg
peak from the lipid tails was observed suggesting a hex-
agonal lattice with a hexagonal unit cell dimension of
ay = 4.84 = 0.01 A. Because of the limited gy resolution
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FIG. 2. Diffracted intensity distribution from a single DPPE
bilayer membrane on a quartz substrate deposited by L-B/S
deposition at 45 mN/m. To enhance the visibility of the diffrac-
tion peak the image was produced by subtracting the intensity
distribution of a bare quartz substrate in contact with water. The
projection of the quartz substrate is defined as g, = 0 A~!. The
scattered intensity along the line slightly above ¢, =0 A™! is
the Vineyard-Yoneda peak [22]. The Bragg rod at ¢,, = 1.5 Al
extends from the quartz interface up to ¢, =~ 0.25 A~! and is due
to the lateral ordering of the alkyl chains of DPPE.
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it was not possible to discriminate between a single, broad
peak due to a hexagonal unit cell and a slightly distorted
hexagonal or oblique unit cell where the splitting of the
3 Bragg peaks in g,, was not resolvable. Assuming a
hexagonal unit cell, the d spacing between lipid alkyl tails
in a DPPE bilayer membrane is slightly larger than their
spacing in a monolayer at 45 mN/m before depositing on a
substrate. These values correspond to an area per molecule
(of the diffracting portion of the bilayer) of 40.57 A? as
compared to 40.06 A? for the monolayer at 45 mN/m. The
observed d spacing is comparable to a DPPE monolayer
between 30 mN/m and 45 mN/m, and indicates that the
packing efficiency decreases with deposition on the sup-
port [17]. Additionally, the lateral distance over which the
lipid tails are in registry with one another in the bilayer
(194 + 50 A) is significantly less than that of the mono-
layer at 45 mN/m (570 + 10 A) or even at 20 mN/m
(400 = 10 A). Table I provides a summary of the GIXD
analysis. These precise structural measurements establish
that the resulting bilayer is considerably less ordered than
the original monolayer yet retains solid phase domains that
are resolvable by GIXD measurements.

In Bragg rod analysis, the intensity of the DPPE bilayer
(Fig. 4) was concentrated close to the interface (¢, = 0)
similar to a monolayer at 45 mN/m. Cylindrical objects
were used to approximate the scattering units of the alkyl
tails [18]. Parameters corresponding to the cylinder’s
height (L), radius, tilt angle from the surface normal, di-
rection of tilt within unit cell, and root mean-square mo-
lecular displacement (Debye-Waller factor) normal to the
interface were adjusted using a Levenberg-Marquardt
least-squares fitting algorithm to obtain the best possible
fit.

A key objective of the Bragg rod analysis was to deter-
mine whether the lipid leaflets of the bilayer scatter inde-

TABLE I

pendently or as one coupled entity. The DPPE bilayer rod
(Fig. 4) clearly shows a similar FWHM as in the monolayer
case at 45 mN/m suggesting a similar L, =~ 21 A.
Because the maximum intensity along the Bragg rod of
the bilayer was concentrated near the quartz interface, it
was possible to model the data with a family of fits with
various lengths and tilts. To limit the number of possible
models we restricted the length of the scattering cylinder
(L,) to that of alkyl tails of a monolayer (~21 A) and
bilayer (~42 A). An intermediate length would be less
physical considering the small vertical Debye-Waller
factor and relatively large lateral coherence length of the
diffracting domains. During least-squares refinement the
most sensitive parameter was the tilt angle of the scatter-
ing cylinders. For the 21 A case, a very reasonable tilt
angle uncertainty (3 =2°) was found to fit the data
consistent with previous findings from the lipid mono-
layers. Conversely, only a very narrow range of tilt angle
(4 = 0.2°) fit the data in the 42 A case, an unrealistic
constraint given the instrumental resolution as illustrated
in Fig. 4. Together with the FWHM of the rod (L, = 21 A)
and better quality fit (y> = 1.85 vs. 2.06), these find-
ings suggest that the bilayer scatters as individual mono-
layers.

In earlier work on hydrated PC vesicles, Nagle and co-
workers determined that the length of the scattering unit
corresponded to two hydrocarbon chains, requiring each
bilayer to scatter coherently [19]. Similarly, fluorescent
studies of giant unilamellar vesicles of DPPE/DPPC mix-
tures show that solid phase domains span both the inner
and outer leaflet of the vesicle membrane [20,21]. These
studies demonstrate that free standing PE and PC bilayers
form solid phase domains which are bilayer spanning. In
contrast, our studies suggest that registry between the
bilayer leaflets of DPPE is impeded by a solid support,

Tilt direction was fixed for bilayer models due to tilt angle close to 0°. This was done to minimize the number of fitting

parameters to two for the bilayer models, the tilt angle and Debye-Waller factor (1.5 A for monolayers and 2 A for bilayers). NN = tilt

towards nearest neighbor.

In-plane Bragg peaks

T a,b(A) v (deg) Area per
DPPE  (mN/m)  *+0.002 (A) *0.2(°)  molecule
+0.01 (A?)
Mono 20 4.883 118.3° 4279
layers 4975
30 4.84 +0.02 119.3° 41.6 0.3
490 +0.02  *0.1
45 4.809 120.0° 40.06
4.809
Bilayer deposited 4.84 + 0.01  120.0° 40.57 = 0.17
at 45

Out-of-Plane Bragg rods

Coherence Coherence Tilt Tilt dir. Red.
Length L,, Length, L. angle (from x°
+10.0 (A) (A) (%) NN)
(cylinder
height)
L,y = 400 21 0.5 212 13.0° 7.0
Ly, = 140
L1,1 = 620
Lipo; = 190° 21 =05 152 13.0 11.2
L,_, =500
L10_01‘1_1 = 570 21 + 05 45 + 2 O° 188
194 £ 50 21 fixed 3+£2 0° fixed 1.85
42 fixed 4*+02 0° fixed 2.06

“Large uncertainty since Bragg peaks splitting is close to ., resolution. Uncertainties are reported at the top of the column unless

specified otherwise.
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FIG. 3. Bragg peaks (integrated over ¢q,) from a DPPE bilayer
membrane in comparison to the Bragg peaks from a DPPE
monolayer at 20, 30 and 45 mN/m at the air-water interface.
Monolayers have been offset vertically for clarity. Analysis of
the bilayer peaks reveal a hexagonal unit cell of ay = 4.84 =
0.01 A. Solid lines are fits to the Bragg peaks using Voight
functions. The dashed line marks the center of the Bragg peak of
the DPPE bilayer.

consistent with the difference in electron density (packing)
of the two leaflets measured by reflectivity.

In conclusion, diffraction from a single lipid bilayer in
bulk water has been observed for the first time and both in-
plane and out-of-plane structural information was obtained
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FIG. 4. Bragg rods (integrated over g,,) from a DPPE bilayer
in comparison to the Bragg rods from a DPPE monolayer at 20,
30 and 45 mN/m at the air-water interface. The sharp peak at
g, ~0 A™!is the Vineyard-Yoneda peak. Lines are fits to the
models described in the text. Visual inspection of the DPPE
bilayer rod reveals similar FWHM as in the monolayer case at
45 mN/m. For the coupled model, small changes in the tilt angle
( = 1°) dramatically impact the fit and the calculated Bragg rod
FWHM (as shown by the light gray dotted curves).

for a DPPE bilayer. Bragg rod analysis indicates that the
two leaflets scatter independently. Further work on bio-
membranes will allow an assessment of solid phase do-
mains in more complex systems. Since the exposure time
for GIXD measurements is mere seconds, this methodol-
ogy can be exploited to follow dynamic processes in real
time.
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