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X-ray scattering with momentum transfer in the plane of membrane
Application to gramicidin organization
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ABSTRACT We demonstrate a technique for measuring x-ray (or neutron)) scattering with the momentum transfer confined in the plane of
membrane, for the purpose of studying lateral organization of proteins and peptides in membrane. Unlike freeze-fracture electron
microscopy or atomic force microscopy which requires the membrane to be frozen or fixed, in-plane x-ray scattering can be performed
with the membrane maintained in the liquid crystalline state. As an example, the controversial question of whether gramicidin forms
aggregates in membrane was investigated. We used dilauroylphosphatidylcholine (DLPC) bilayers containing gramicidin in the molar
ratio of 10:1. Very clear scattering curves reflecting gramicidin channel-channel correlation were obtained, even for the sample contain-
ing no heavy atoms. Thallium ions bound to gramicidin channels merely increase the magnitude of the scattering curve. Analysis of the
data shows that the channels were randomly distributed in the membrane, similar to a computer simulation of freely moving disks in a
plane. We suggest that oriented proteins may provide substantial x-ray contrast against the lipid background without requiring heavy-
atom labeling. This should open up many possible new experiments.

INTRODUCTION

We report a successful measurement of x-ray scattering
with the momentum transfer confined in the plane of
membrane. This technique is ideal for the measurement
of the lateral organization of proteins and peptides in
membranes. It has long been noted that membrane pro-
teins tend to aggregate, even in the absence of cytoskele-
tal interactions (Feingold, 1976; Melhorn and Packer,
1976; Copps et al., 1976; Pearson et al., 1979; Lewis and
Engelman, 1983; Pearson et al., 1983; Pearson et al.,
1984). Amphipathic a-helical peptides are known to
form transmembrane ion channels in some unknown
oligomeric forms (e.g., alamethicin, Latotte and Al-
varez, 1981; melittin, Tosteson and Tosteson, 1981; ma-
gainins, Duclohier et al., 1989; synthetic peptides, Oiki
et al., 1988; and Lear et al., 1988); there is indication
that they also form aggregates on the membrane surface
before insertion into membrane (Huang and Wu,
1991). Protein aggregation has been observed by freeze-
fracture electron microscopy (Feingold, 1976; Melhorn
and Packer, 1976; Copps et al.,, 1976; Pearson et al.,
1979; Lewis and Engelman, 1983; Pearson et al., 1983;
Pearson et al., 1984 ). However the resolution of this tech-
nique is not fine enough to detect small peptides. Also,
the possibility of artifacts in the freeze-fracture process is
difficult to assess (Pearson et al., 1984). Atomic force
microscopy is potentially a powerful tool for imaging
membrane proteins (Butt et al., 1990; Lacapere et al.,
1992). But again, the membrane has to be fixed, other-
wise the probing force would move the molecules, mak-
ing imaging impossible (Lacapere et al., 1992). Thus,
the greatest advantage of the scattering method is its ap-
plicability to the liquid crystalline (L,) state of mem-
branes. With suitably labeled samples, in-plane x-ray or
neutron scattering provides a direct measurement of the
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lateral particle-particle correlation in the plane of the
membrane.

As an example of in-plane scattering, we investigated
the organization of gramicidin in membrane. There
have been reports of possible gramicidin organization in
membrane (Spisni et al., 1983; Killian and de Kruijff,
1988). Stark et al. (1986 ) has argued that the conducting
channel of gramicidin is a tetramer or a higher oligomer.
We used hydrated dilauroylphosphatidylcholine (DLPC)
containing gramicidin in the molar ratio of 10:1. This
sample has been studied previously by x-ray lamellar dif-
fraction to determine the binding sites for monovalent
and divalent cations in the gramicidin channel (Olah et
al.,, 1991; Liu et al., 1991). Gramicidin in this mem-
brane is in the channel form (Huang and Olah, 1987;
Olah et al., 1991). Our in-plane scattering result shows
that dimeric gramicidin channels distribute randomly in
the membrane. Thus, it appears that, at least in DLPC
bilayers, gramicidin does not form aggregates.

EXPERIMENTAL

Materials and preparation of samples

The materials and sample preparation were the same as described in
Olah et al. (1991). The hydrated mixtures of gramicidin and DLPC
with or without thallium acetate (in the lipid/ peptide/ion molar ratio
10:1:1 or 10/1/0) were aligned into uniform multilayers between two
SiO,-coated, polished beryllium plates (314 pum X 10 mm dia.). The
water-intercalated multiple lipid bilayers were parallel to the substrate
surfaces in the form a smectic A liquid crystal. This type of preparation
inevitably contains smectic defects (Huang and Olah, 1987). It is im-
portant to diminish these defects as much as possible (see below). The
thickness of the multilayers was ~20 um. The sample was housed in a
humidity chamber equipped with kapton windows during the x-ray
experiment.

X-ray lamellar diffraction (in which the momentum transfer is per-
pendicular to the planes of the multilayers) of these samples showed
that the majority of thallium ions are bound to the dimeric gramicidin
channels (Olah et al., 1991). This is consistent with most studies of ion
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FIGURE 1 The raw data of in-plane scattering from a gramicidin/
DLPC sample by 8-26 (top) and 0-28 (bottom) scans; background has
not been subtracted. The inset (fop) shows the schematic of the x-ray
diffractometer. S,, S, and S, are vertical slits; S,, horizontal soller slits;
S, the sample, G.M. a graphite monochromator; and D, a scintillation
detector.

adsorption to pure phosphatidylcholine bilayers, where no binding of
monovalent cations was found (Lis et al., 1981a; Lis et al., 1981b;
Altenbach and Seelig, 1984 ). (It should also be noted that although the
adsorption of divalent cations to phosphatidylcholine bilayers is well
known, the binding decreases with the interbilayer separation; and
there is no evidence of divalent ion binding for the separations less than
20 A; see Lis et al., 1981a; Lis et al., 1981b.) Additionally, when sam-
ples of gramicidin, thallium acetate (or potassium acetate ) and DLPC
in the molar ratio of 10:1:1 were prepared, the mixtures readily turned
into homogeneous hydrated multilayers; however, the same samples
without gramicidin always excluded the salt (the salt precipitated and
crystallized). Thus, all evidence indicates that the majority of ions are
associated with gramicidin rather than with the lipid head groups.

X-ray in-plane scattering

The experiment was carried out with a line source of copper K, radia-
tion operating at 40 Kv and 35 mA. The arrangement is shown sche-
matically in Fig. 1. The incident beam is collimated by two vertical slits
S, and S;, and by horizontal Soller slits S,. The detector consists of a
vertical slit S,, a graphite monochromator (G.M.), and a scintiliation
counter (D) which was biased to discriminate against higher harmon-
ics. In-plane scattering can be carried out by 6-26 scan or by normal
incidence (we call the latter geometry 0-26 scan). Fig. 1 shows that the

raw data of 8-20 scan and 0-260 scan on a gramicidin sample are essen-
tially the same. It is obvious that 0-28 scan is advantageous if one uses
an area detector. At ~1° (2° in the 0-26 scan ) one notices a small peak,
that is the first Bragg peak of lamellar diffraction (see also Fig. 2). In
these measurements the momentum transfer of the photon scattering is
parallel to the substrate surfaces; therefore, if the membranes are
aligned homeotropically, the results are in-plane scatterings. However,
if the sample contains smectic defects where the bilayers may be ori-
ented perpendicular to the substrate surfaces, the results will contain
lamellar diffraction. The lamellar diffraction of a multilayer sample is
much stronger than the in-plane scattering. For example, if we turn the
sample by 90° about an axis normal to the plane of the figure, the
first-order lamellar diffraction would be typically ~ 10* counts per sec-
ond, compared with ~70 counts per second for in-plane scattering at
the same angle. Thus, the technique for preparing a well aligned multi-
layer sample (Huang and Olah, 1987) is essential for in-plane measure-
ments. If a sample is not aligned well, that is, if it contains too many
defects, the lamellar peaks would swamp the in-plane signal.

Fig. 2 shows the in-plane scattering of membranes containing grami-
cidin with or without thallium ions and that of pure membrane con-
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FIGURE 2 (Top) In-plane scattering intensity of pure DLPC bilayers.
(Bottom) In-plane scattering intensities of DLPC bilayers containing
gramicidin with thallium ions (molar ratio 10:1:1, dashed line) and
without thallium (molar ratio 10:1:0, solid line). The samples were
equilibrated in 100% RH. The background signal of the beryllium
plates and kapton windows has been removed from the data. The inset
(top) shows the in-plane scattering intensities of pure DLPC bilayers
changing with humidity. The bottom curve was scanned at 100% RH.
The other three, the second from the bottom to the top, were scanned,
respectively, 10, 20, and 30 h after the sample was exposed to 60% RH.
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FIGURE 3 (Top) The simulated intensity of freely moving disks hav-
ing the same concentration as the gramicidin in the sample. The inten-
sity does not include the form factor of the disk. ( Bottom) The scatter-
ing intensity of gramicidin (from Fig. 2, bottom, dashed line) divided
by the square of an assumed form factor F(q) (see Fig. 4, top).

taining no gramicidin, after the background signal of beryllium plates
and kapton windows was subtracted. Surprisingly, the gramicidin sig-
nal without thallium ( <6° ) is very clear. The thallium merely increases
the intensity of the gramicidin signal as expected. The scattering curves
(not including those in the inset) were all obtained at 100% RH. The
inset shows the pure lipid bands at various humidities, the bottom
curve at 100% RH and three subsequent curves after the sample was
exposed to 60% RH. In high humidity, the diffuse band near 4.5 A
indicates that the lipid is in the liquid crystalline state (Luzatti, 1968;
Levine and Wilkins, 1971). In low humidity, the sharp peak near 4.3 A
indicates that the lipid turns into the gel phase (Tardieu et al., 1973;
Janiak et al., 1976).

Computer simulation

275 circular disks are randomly distributed on a square plane. The ratio
of the area occupied by the disks to the area they are confined in is the
same as gramicidin in membrane, ~32%. The disks are given equal
mass and a random initial velocity, and then undergo classical motion.
All disk-disk and disk-wall collisions are elastic. The simulated scatter-
ing intensity I, = |Z; exp(iq- r,-)|2 was computed and averaged over
time (Fig. 3, top). The form factor of the disk is not included. The
ripple on the curve is the artifact due to the finite size of the confine-
ment area.

THEORETICAL ANALYSIS

General

The theory of x-ray scattering is well known (e.g., James,
1948; Warren, 1969). The purpose of this section is to
establish the appropriate notations and formulas for data
analysis.

The x-ray scattering intensity / is given by

I, = 2 2 (@) 1.(q) expliq- (r,, — 1,)], (1)

where I, = const - (1 + cos? 26 cos? 26, ) is the scattering
intensity by a single free electron, 6,, = 13.28° is the
Bragg angle of the graphite monochromator, f,,(g) is the
scattering form factor of atom m at the position r, and q
is the momentum transfer of elastic scattering with mag-
nitude g equal to 4= sin 8/ . It has been known since the
1960’s that the hydrocarbon chains of bilayer mem-
branes in the liquid crystalline state produce a single
broad band at ¢ = 27 /(4.6 A). This has been recognized
to be of the same origin as the diffraction peak of liquid
paraffins, irrespective of the number of carbon atoms in
the chain (Luzatti, 1968; Levine and Wilkins, 1971;
Warren, 1933). Outside of this liquid-paraffin peak, the
in-plane scattering curve of a pure lipid is flat and feature-
less (see Fig. 2). The first step of data analysis is to sepa-
rate the lipid signal from the rest.

For this purpose, it is more convenient to convert the
summations in Eq. 1 to integrals by introducing a scat-
tering density function p(r) such that o(r)d V' (r) is the
number of atoms, each multiplied by its form factor, in
the volume element d V' (r) at the position r

111 = [ [ oa(ry explia- (v = 1@ ave). )

Let us separate the space of integration into two: f =
Jo + [1, where [ integrates over the space occupied by
the protein molecules and f , over the space occupied by
the lipid molecules. Let p, be the scattering density of the
protein molecules and p, that of the lipid molecules. It is
easy to show that Eq. 2 can be written as

1/Ie=[ff pl(r)p,<r')+fpf[pp(r)—p,(rnm(r')

+ f J; p1(r)[op(r") — py(r')]

+ f f Loy() — 1 (V)] [pp(F") — p.(r')l]
X explig-(r' —r)]dV(r)dV(r'), (3)

where f » p1 d V implies that the space occupied by the
protein molecules is replaced by the lipid molecules. The
first term represents the scattering intensity by a pure
lipid membrane. The second and the third terms contain
the scattering intensity of a single protein molecule em-
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bedded in an otherwise pure lipid membrane. Unless
diffraction peaks corresponding to such correlations are
present in the data, we will be concerned only with the
correlations among protein molecules, that is the last
term of Eq. 3,

I'fl. = f f [op(r) = oy (1) ][ pp(r") — p,(1')]
p¥Yp
X explig-(r' = r)]dV(r)dV(r'). (4)

For simplicity, we consider a membrane containing only
one kind of protein. Define the effective molecular form
factor for a protein as follows,

F(q)=f[pp(r)—pl(r)]eXp[iQ'(r—ra)]dV(r), (5)

where r, is the position of the molecular axis and the
integration is over the space occupied by the protein. Let
us assume that the protein is cylindrically symmetric
with respect to the molecular axis which is in the z direc-
tion, perpendicular to the plane of the membrane (the xy
plane). Then the form factor F is a real function of the
magnitude of q, as indicated in Eq. 5. Then Eq. 4 be-
comes

I''l,= 2 FXq)+ X F*(q) X explig-(r, —1,)]. (6)

b#*a

Consider a bilayer of area 4, containing N number of
protein molecules. Since q is confined in the xy plane,
only the in-plane component of r is relevant; so from
now on we will regard r to be representing the position of
a protein in the plane of membrane. Let n(r)do be the
number of molecular axes in the area element do at a
position r relative to a protein, averaged over the sample.
In the liquid crystalline state, #(r) has cylindrical sym-
metry; it can be written as n(r). In converting the last
summation in Eq. 6 to an integral, it is useful to add and
subtract a term involving 7 (= N/A), so that we have

I'/I, = NF?(q) + NF*(q) f [n(r) — n)Jo(qr)2xr dr
+NF2(q)r7fJ0(qr)27rrdr, (7)

where J,( gr) is the zeroth order Bessel function. The last
integral is essentially confined within a small angle g <
27 /L. L is the linear size of the sample in the xy plane, a
few millimeters in this case; that makes the integral insig-
nificant for > 1 millidegree. Therefore, it is negligible.
On the other hand, the integral in the second term
usually extends only over a short range, because n(r) — 7
approaches zero for r greater than a few interprotein dis-
tances if the sample is in the liquid state. Although the
experimental intensity is usually obtained in arbitrary
units, there are ways to put I'/ NI, in absolute units if we
know the form factor F(gq) (Warren, 1969). The radial

distribution function 27rn(r) can then be evaluated by
the Bessel transform (Watson, 1966),

2arn(r)=2nrin+ rf {I'/[NI.F*(q¢)] - 1}Jo(gr)qdq. (8)

Gramicidin in membrane

The cross section of the DLPC molecule in the L, phase
is ~52 A2 (Olah et al., 1991; Small, 1986). In crystals
(grown from organic solvents) the volume of a gramici-
din dimer is 6,192 A without ions (Langs, 1988) and
6518 A with CsCl (Wallace and Ravikumar, 1988).
The dimers in these crystals are not the channel form.
But we will assume that the molecular volume of the
dimeric channel is more or less the same as those of the
crystalline dimers, in order to estimate the channel cross
section. From the symmetric binding sites of divalent
cations at the mouths of the channel (Olah et al., 1991),
we know that the length of the channel is ~26 A. Thus,
we estimate the cross section of the gramicidin channel
to be ~250 A2, corresponding to a 9 A radius. If we
uniformly distribute the gramicidin in DLPC bilayer in
the molar ratio 1/10, the average distance between the
neighboring gramicidin channels is 30 A.

The scattering data concerning gramicidin organiza-
tion are contained in 1° < 8 < 5°. The prominent peak at
1.7° corresponds to the first maximum of J,(gr) at gr =
7.016 (see Eqgs. 7 and 8). Thus, the position of this peak
alone gives us the correlation distance of gramicidin to
be ~29 A. The scattering data are qualitatively similar
to the simulated intensity curve, indicating that the na-
ture of the particle distribution in the sample is qualita-
tively similar to that in the simulation (that is, the distri-
bution of gramicidin is essentially random). However,
the simulated result has its first peak at a higher angle,
indicating a closer correlation distance of ~24 A, and it
has a relatively larger second peak. There are at least
three factors that may contribute to these discrepancies.
First, if we include the molecular form factor in the simu-
lated intensity its peak positions would shift slightly to
smaller angles and its second peak would be significantly
reduced (see below). Second, there are uncertainties in
the molecular cross sections and in the lipid/peptide
molar ratio in the sample. Third, we expect the presence
of lipid molecules to somewhat influence the distribu-
tion of gramicidin.

More detailed analyses require some knowledge about
the form factor F(q). We note that all atomic form fac-
tors are relatively constant in the region of interest
(<4°), decreasing from 1.0 (times the atomic number)
at# = 0° to about =0.95 at § = 5°. Therefore, the impor-
tant g-dependence of F(q) comes from the size and, to a
lesser degree, the shape of the gramicidin channel. Only
the rigid part of the molecule will contribute to the form
factor. If the backbone of the gramicidin channel is the
main contributor to the form factor, the g-dependence
may be estimated by using a cylindrical shell of inner
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FIGURE 4 (Top) A hypothetical form factor for the gramicidin back-
bone in the channel form, normalized to one at § = 0°. The scattering
intensity of gramicidin (from Fig. 2, bottom, dashed line) is multiplied
by a constant factor to match the form factor at the high angle region.
( Bottom) The radial distribution function 2xrn(r), unnormalized, if
we use the form factor (solid line) and if we ignore the form factor
(dotted line).

diameter equal to 4 A and outer diameter 18 A. Its g-de-
pendence is shown in Fig. 4 (top). The intensity (Fig. 2,
dashed line) divided by the square of this g-dependence
is shown in Fig. 3 (bottom) to be compared with the
simulated intensity (Fig. 3, top). If we use this I'/ F2(q)
(i.e., Fig. 3, bottom) in Eq. 8, we obtain an unnormalized
radial distribution function 2xrn(r) (Fig. 4, bottom).
The radial distribution obtained by ignoring the form
factor is also shown for comparison. The maxima of
these radial distribution functions are at 27 and 28 A,
respectively. It is clear from these analyses that gramici-
din channels in a DLPC bilayer are randomly distrib-
uted; at the molar ratio of 1 to 10, the correlation dis-
tance between channels is ~28 A.

DISCUSSION

In an earlier paper (Huang, 1986 ), we studied the elas-
tic property of a bilayer membrane and its effect on the

lifetime of gramicidin channels. We speculated that if
the hydrophobic thicknesses of the bilayer and the chan-
nel mismatch, there will be a membrane-mediated at-
tractive force between neighboring channels. This possi-
ble effect may be very weak here, because the lifetime of
a gramicidin channel is near maximum in a membrane
of thickness approximate that of DLPC (Huang, 1986),
perhaps, indicating that the hydrophobic thicknesses of
the bilayer and the channel are about the same. If this is
the case, our result implies that gramicidin channels do
not aggregate by themselves (in the absence of possible
lipid-mediated forces). Whether they would aggregate in
a thicker membrane remains to be investigated.

Perhaps the most surprising and important result of
this experiment is that the protein signal stands out
clearly against the lipid background without the benefit
of heavy atoms (Fig. 2). Normally, the average bulk
electron density of protein (0.33 e¢/A? in the case of
gramicidin ) is close to that of lipid (0.35 e/A 2 in the case
of DLPC). And one does not expect to see protein signal
by x-ray scattering without heavy-atom labeling. For this
reason, neutron scattering with deuterated samples is of-
ten preferred for studying protein correlations. The dif-
ference here is that the protein molecules are oriented in
the membrane and the in-plane scattering depends on
the areal electron density rather than the bulk electron
density. If a protein is oriented, there may be areas of
high and low electron densities in different parts of the
cross section. For example the cylindrical shell of the
gramicidin backbone discussed earlier has an areal elec-
tron density in the xy plane about twice that of the lipid
background. This discovery, that protein signal can be
detected in membrane without labeling, should open up
many possible new experiments.
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