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X-ray diffraction patterns have been recorded from a single layer of pur-
ple membrane (~50 A thickness) at the air/water interface in a Langmuir
trough. Grazing-incidence X-ray diffraction is demonstrated to be a
promising method for obtaining structural information on membrane
proteins under physiological conditions. The method is so sensitive that
(NE/Biophysik), Glienicker Str diffraction can be measured from samples with only 10" protein mol-
100 D—IZI%Q Borlin. Germany ecules in the beam. Diffraction from hexagonal crystals of purple mem-

’ Y brane with a lattice constant of 61.3 A was observed up to the order
3Physics Department {h,k} = {4,3}, corresponding to a resolution of ~9 A. The work reported
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The crystallography of proteins has revolutio-
nized our understanding of biological processes. It
has provided an understanding of function on the
basis of structures at atomic resolution for a stea-
dily growing number of biomolecules. The bottle-
neck is the formation of well-ordered three-
dimensional (3D) crystals. Numerous important
biological processes are mediated by integral mem-
brane proteins. Unfortunately, membrane proteins
are less amenable to 3D crystallization, and only a
few structures of membrane proteins have been
solved by X-ray crystallography. To circumvent
this problem, electron crystallography was applied
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using two-dimensional (2D) protein crystals ana-
lyzed in vitrified ice or after heavy ion staining
under ultra-high vacuum in the electron micro-
scope (Henderson et. al., 1990; Uzgiris & Kornberg,
1983). A technical difficulty of this approach is the
inaccessibility of scattered intensity near the l-axis
of the reciprocal space (“hidden cone problem”).
Here, we use a different approach, applying
crystallographic methods to a single protein layer
on the surface of an aqueous subphase by means
of grazing-incidence X-ray diffraction (GIXD).
GIXD has been widely employed for the structural
characterization of lipid monolayers (Als-Nielsen
et al., 1994). However, its application to proteins
has only recently been demonstrated in an investi-
gation of the water-soluble protein streptavidin
attached to a monolayer of lipids (Haas et al.,
1995). An advantage of GIXD is its high degree of
surface sensitivity which comes about because
under total reflection of the incident beam, the
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Figure 1. Schematic representation of the GIXD experiment. Top: side view showing the X-ray beam impinging
upon a PM single layer film on the air/water interface. Center: top view of the experimental setup. Lower left:

coordinate system and scattering vector.

evanescent wave penetrates less than 100 A
beneath the surface so that the bulk subphase is
not illuminated (cf. Als-Nielsen & Kjaer, 1989; Als-
Nielsen et al., 1994). With a 2D powder of (typi-
cally) 10" protein molecules, this allows detection
of the faint diffraction signal which would
otherwise have been swamped by background
scattering from the liquid subphase. Furthermore,
the technique can be applied under physiological
conditions which reduces the liability to prep-
aration artifacts (no stain or cryo-fixation needed,
no inspection of the sample under ultra-high vac-
uum conditions).

We have tested this promising structural
approach with bacteriorhodopsin (BR), the only
protein in the purple membrane (PM) of Halobacter-
ium salinarum. BR (M, ~ 27 kDa) is the prototype
of an integral membrane protein and functions as a
light-driven  proton pump  (Oesterhelt &
Stoeckenius, 1973). BR is one of the most promising
candidates to elucidate the link between the struc-
ture of a membrane transport protein, its
dynamics, and function. The structure of BR, its
arrangement in the PM (Henderson et al., 1990;
Grigorieff et al., 1996; Pebay-Peyroula et al., 1997;
Essen et al., 1998) and the light-induced structural

changes are sufficiently well known (Dencher et al.,
1989, 1991; Koch et al., 1991) to serve as a test
object to study the potential of GIXD for structure
determination of membrane proteins. The method
that we describe here has a broad application
potential: instead of depositing a single layer of
purple membrane at the air/water interface of a
Langmuir trough, as in the present study, protein
molecules can also be anchored to surfaces by var-
ious surface-modification protocols (Uzgiris &
Kornberg, 1983; Ribi et al., 1987; Darst et al., 1991;
Hirata & Miyake, 1994; Pack et al., 1997; Schmitt &
Tampé, 1996; Dietrich et al., 1996).

Purple membrane was isolated from H. salinar-
um and purified as described by Bauer et al. (1976).
In addition to native PM with a lipid content of
~25% wt, we have also used delipidated PM
(Glaeser et al., 1985; Fitter et al., 1996) with only
5% lipids. Lipids were partially removed from PM
without solubilization of BR by treatment with
CHAPS  (3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulphonate; Boehringer Mannheim)
as described by Fitter et al. (1996). PM patches
were deposited in a single-layer film at the air/
water interface. Film formation was optimized
beforehand by means of fluorescence microscopy
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(Losche & Mohwald, 1984; Kriiger et al.,, 1999)
using PM labeled with fluorescein at the extracellu-
lar surface of BR (Dencher et al., 1991). The PM
film was deposited on the aqueous surface in a
Langmuir film balance via a wet glass slide touch-
ing the surface at an oblique angle. Typically, 1 ml
of a PM suspension (120 pg BR/ml) was delivered
in small droplets on the glass slide. It flowed to the
surface of the saline solution where it was
observed to increase the lateral pressure, IT (equiv-
alent to a reduction of the surface tension). For
further characterization, floating films of PM
patches were transferred at various lateral press-
ures from the aqueous surface to glass slides by
the horizontal dipping technique, and examined in
an atomic force microscope (DI Nanoscope E). In
such experiments, we invariably observed patches
of 300 to 500 nm in diameter with a homogeneous
height of 50 to 60 A. The number of patches per
unit area increased with increasing II, and for
IT>25 mN/m the patches were frequently
observed to overlap. Whether this overlap reflects
the true structure on the water surface or occurred
upon transfer to glass slides has not been investi-
gated.

GIXD experiments were performed at the
undulator beamline BW1 of HASYLAB (DESY,
Hamburg) on the liquid surface diffractometer
(cf. Weissbuch et al., 1997; Weygand et al., 1999).
A Langmuir trough is placed in a sealed container
under a humidified helium atmosphere to reduce
background scattering. The area of the water sur-
face in the trough is 440 cm®> A wavelength
A~1.45 A (1.448 A or 1.456 A in different runs)
was obtained by reflection from a Beryllium (002)
monochromator crystal. The X-ray beam was
adjusted to impinge on the surface at an incidence
angle of o;~0.85-0, (cf. Figure 1, top), where
a.~0.14° is the critical angle for total reflection
from water. The diffracted radiation was collected
by a one-dimensional position-sensitive detector
(PSD) oriented vertically and scanned by varying
the horizontal scattering angle, 20,,. The area of
the footprint (Figure 1, center) of the incoming
X-ray beam on the liquid surface was adjusted
to 1mmx50mm at small 26, and to
3 mm x 50 mm at larger 26,,. The lowest accessi-
ble 20,, (~1°) is well below the {,k} = {1,0} Bragg
reflection of the BR lattice, which could thus
be resolved at g,, ~ (4n/})-sin(20,,/2) = 0.12 A1
20,, = 1.63°. (For a definition of the coordinate sys-
tem, see Figure 1, lower left). Data were collected
up to 20,, =10°, such that the intense {4,3} Bragg
reflection at 20, ~9.6° (q,,~0.72 A™") could be
observed. The Bragg rods, i.e., the intensity distri-
bution above the horizon, were measured between
=0 and 9° (g.~(@2n/A)sin(a) = 0 and
0.677 A-1).

Generally, crystallites in the film on the water
surface are of micrometer size (see below) and are
randomly oriented around the vertical axis so that
the film is a 2D powder.

Figure 2. Fluorescence micrographs of a PM mono-
layer with fluorescein-labeled BR on an aqueous sub-
phase containing 200 mM KCl. (a) Immediately after
spreading, [T=0 mN/m; (b) after compression to
IMT=10 mN/m.

Fluorescence microscopy

The preparation protocol for protein/lipid single
surface layers was optimized by observing PM
patches with fluorescein-labeled BR using fluor-
escence microscopy. After spreading, the surface
film at IT~ 0 mN/m is rather inhomogeneous and
consists of areas with a large density of the fluor-
escent patches coexisting with areas showing low
patch density. Figure 2(a) depicts such a low-den-
sity area at IT ~0 mN/m, T ~20°C, immediately
after spreading the sample. There are a few small
fluorescent dots which presumably represent single
PM patches. Note that the fluorescent dots may
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Figure 3. Grazing-incidence X-ray diffraction from patches of purple membrane at the air/solution interface at
IT =5 mN/m on a subphase containing 200 mM KCl. Close-up showing the {11} and {20} peaks. (a) Surface plot and
(b) contour plot showing the scattered intensity as function both of the horizontal component, Tyr and of the vertical
component, q,, of the scattering vector. Note that all the diffracted mten51ty (above background) is concentrated near
the horizon (0<g,<0.1 A~1). Below the horizon (q.<0), no intensity is observed, and just above the horizon
(@, ~0.01 A1) the intensity pattern is modulated by a sharp maximum. This so-called Vineyard peak is due to con-
structive interference between X-rays diffracted upward and X-rays diffracted downwards to negative g, and sub-

sequently total-reflected back up by the interface (Vineyard, 1982;
(c) Projection of (b) on the horizontal axis, showing intensity versus q.,.

Als-Nielsen & Kjaer, 1989; Kjaer, 1994).
Two Bragg peaks, {11} and {20}, of the 2D

powder pattern are seen. The broken line is the estimated background. (d), (e) Projection of (b) on the vertical axis;
after background subtraction, the intensity was integrated over g,, for each of the two peaks yielding the {11} and

{20} Bragg rod intensities versus ..

appear larger than they are due to the large con-
trast between the non-fluorescent background and
the labeled patches. Figure 2(b) shows the same
film at the interface after compression to IT ~ 10
mN/m. The whole field of view in the through is
covered with PM. To allow PM interface films to
form on the water surface, PM was spread on a
200 mM KCI subphase. At lower ionic strength,
PM was observed to gradually submerge into the
subphase. In particular, it was impossible to obtain
stable surface films on pure water, as also observed
by Furuno et al. (1988).

GIXD

GIXD data from single layer PM films at the air/
water interface have been collected between
7y, ~0.08 and 0.8 A™". Since X-ray damage is a

serious concern, we have measured the decay of
the intensity diffracted into the {ik} = {1,1} reflec-
tion at 260,, ~2.75° upon exposure and observed
decay times of t ~ 30 minutes at typical currents in
the storage ring (80 mA). Thus, to minimize radi-
ation damage, during scans of 20, the surface film
was translated across the beam by moving the
Langmuir film balance on a horizontal translation
stage, such that the exposure of any area within
the film was less than ten minutes. An intensity
contour plot, I versus q,, and 4., of a PM surface
film on 200 mM KCl at 1'[ 5 mN/m is shown in
Figure 3. The low g,, range that contains the {1,1}
and {2,0} Bragg reflections of the hexagonal lattice
is shown. The Bragg rod intensity is centered at
the horizon (g, =0) and for g,>0.2 A~', no scat-
tered intensity is detected above the background.
Figure 4 shows an extended data set for a sample
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Figure 4. PM at IT =10 mN/m on 250 mM KCl. Scattered intensity, normalized and corrected for angular factors,
as a function of the horizontal component g,, of the scattering vector. The signal was integrated over vertical exit
angles, oy, between 0° and 1.0° (g, =0 to 0.075 A™"). The background was described by a fourth-order polynomial.
The fourth-order polynomial plus Gaussian peaks were fitted to the intensity data. Then, the background was sub-
tracted, yielding the data points in the Figure. Subsequently, the positions of the five well-separated peaks labeled
with bold-face Miller indices {hk} = {0,1}; {1,1}; {2,0}; {2,1}; {4,3} were refined by fitting, to the background subtracted
data, five positions, five peak heights, and one common width of five Gaussian peaks. The resulting positions (dia-
monds in the inset which shows peak positions versus ~/h? + hk + k?) were then used to determine the lattice constant,
a=61.3 A, by fitting them to a straight line through the origin according to equation (1). (The broken line in the inset
corresponds to a lattice constant of 2 =62.5 A as determined by electron microscopy (Henderson et al., 1990).) The
positions of the remaining peaks were then fixed according to the a =61.3 A lattice constant (filled circles in the
inset). Finally, the intensities of these remaining Bragg peaks were fitted. The sum of the fitted Gaussians is shown as
a continuous line and the individual contributions are shown as broken lines. At the three positions marked with an

asterisk, the peaks were found to have zero intensity.

deposited on 250 mM KCl and compressed to
I1=10 mN/m. The intensity was integrated over
g, in the range from 0 to 0.075 A~ and the back-
ground, described by a fourth-order polynomial,
was subtracted. To test the assumption that the
PM crystals at the air/water interface have
hexagonal symmetry, we have plotted the
scattering vector, q,,, versus v/h* +hk +k? (inset in
Figure 4) since for a 2D lattice with hexagonal sym-
metry, the quadratic form reads:

dn o

The plot reveals that the PM lattice has indeed
hexagonal symmetry. The lattice constant a was
evaluated by fitting a straight line to the data
according to equation (1). For the data shown in
Figure 4, the result is a = 61.3(£0.6)A. This value is
significantly (~ 2 %) smaller than the lattice con-
stant determined with conventional diffraction
methods on fully hydrated multilayer stacks for
which a2 =625 A has been reported (Henderson
et al., 1986; Fitter et al., 1998). For a more rigid
membrane sample, obtained by partially delipi-
dated purple membranes, we have observed a unit

cell size of a =575 A, which is close to the value
of a =156.9 A obtained from conventional X-ray dif-
fraction on the delipidated PM patches (Fitter et al.,
1998).

Conclusions

By GIXD at small angles 26,, we have obtained
a 2D powder diffraction pattern of a single layer of
purple membrane, demonstrating the potential of
this novel approach to structure determination of
membrane-associated proteins. The data are quali-
tatively equivalent to the diffraction from multila-
mellar stacks of these lattices. In the future, efforts
must be made into the following directions. (i)
Methods should be developed for growing larger
single 2D single crystals. For purple membrane,
successful attempts at fusing individual smaller
crystals to large single crystals with the help of
detergents have been reported (Henderson et al.,
1990). (ii) The surface area which is illuminated by
the X-ray beam should be as small as possible.

Together, these two developments would facili-
tate collecting better resolved 3D structural data, as
diffraction experiments will be possible from one
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2D single crystal within the protein monolayer.
Reflections can be resolved which would overlap
for a 2D crystal powder sample. Moreover, an
improved signal-to-noise ratio will result from scat-
tering from a single well-aligned sample.

The experiments reported here have demon-
strated, as a first step using a single layer of purple
membrane, the feasibility and advantages of the
method. A sample of 10" BR molecules in the
beam are sufficient for a diffraction pattern
(Figure 4), i.e. only 107> and 10~ times the amount
of the material required for conventional X-ray and
neutron diffraction, respectively. Given adequate
phases from electron microscopy, the projected
structure of BR could, in principle, be calculated
from these data.
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