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Abstract FElectron crystallography and atomic force micros-
copy allow the study of two-dimensional membrane protein
crystals. While electron crystallography provides atomic scale
three-dimensional density maps, atomic force microscopy gives
insight into the surface structure and dynamics at sub-nanometer
resolution. Importantly, the membrane protein studied is in its
native environment and its function can be assessed directly. The
approach allows both the atomic structure of the membrane
protein and the dynamics of its surface to be analyzed. In this
way, the function-related conformational changes can be
assessed, thus providing a detailed insight on the molecular
mechanisms of essential biological processes. © 2001 Federa-
tion of European Biochemical Societies. Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

Biological membranes define cell boundaries, delimit cellu-
lar compartments, and fulfill a wide spectrum of vital func-
tions. These are provided by proteins embedded in the lipid
bilayer. The wide range of membrane functions requires mem-
brane proteins of diverse structures, all of which must meet
the stringent prerequisite of a hydrophobic belt to warrant
integration in the amphiphilic bilayer. Therefore, membrane
proteins exhibit hydrophilic extrinsic and hydrophobic core
surfaces. Consequently, solubilization and purification of in-
tegral membrane proteins necessitate the use of detergents.

Many membrane proteins are related to diseases such as
cystic fibrosis, hyper- and hypotension, diabetes, and brain
or lung edema, to mention only a few. In their major function
as cell boundaries, membranes are involved not only in food,
but also in drug uptake, and about 70% of all drug targets are
membrane proteins.

Approximately 30% of the sequenced genes appear to en-
code membrane proteins. Sequence and function of many
membrane proteins are now known, but by the end of 2000
only 37 structures were solved to atomic resolution, compared
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to more than 10000 unique crystal structures of soluble pro-
teins. Therefore, progress in membrane protein structure de-
termination is mandatory for understanding biological mem-
branes and their functions, an understanding that will also
provide the basis for designing better therapeutics.

As result of the limited hydrophilic surfaces available for
forming crystal contacts and the reduced stability, detergent-
solubilized proteins do not readily form three-dimensional
(3D) crystals suitable for X-ray analyses. Two methods have
improved the success rate in 3D crystallization. First, the
power of the immune system can be used to design precisely
fitting hydrophilic extensions of a membrane protein. This
method of producing F, fragments for the 3D crystallization
of membrane proteins is reviewed by Hunte (this issue, [41]).
Second, 3D crystallization in cubic lipid phases that provide
an environment which allows solubilized membrane proteins
to diffuse and merge into micro crystals within the labyrinth
of the cubic lipid system, has been successful for an increasing
number of proteins (Nollert et al., this issue, [42]). A powerful
alternative is the reconstitution into two-dimensional (2D)
membrane protein crystals in the presence of lipids (Levy et
al., this issue, [43]; [1]). This approach restores the native
environment of membrane proteins as well as their biological
activity [2]. Cryo-electron microscopy allows the 3D structure
of the vitrified protein to be assessed at atomic resolution
(Fig. 1). Complementary to this, the atomic force microscope
(AFM) [3.4], depicts biological membranes in aqueous solu-
tions and permits monitoring of the movement of single poly-
peptide loops. Thus, the combined application of these mi-
croscopy techniques will establish the 3D structure of
different membrane proteins and will permit visualization of
their conformational changes during catalytic cycles.

2. 2D crystallization

As with X-ray crystallography, production of 2D crystals is
the major barrier in the structure determination by electron
crystallography. Since membrane proteins are more stable
when integrated in the bilayer, 2D crystallization offers
some advantages compared to 3D crystallization, but solubi-
lization, isolation and reconstitution protocols are as critical.
Optimization of crystallization conditions is still empirical,
because theories taking into account the properties of a mix-
ture containing protein, lipid and detergent are too complex
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Fig. 1. Number of membrane protein structures submitted to the
PDB per year up to 2000. Structures solved by X-ray crystallogra-
phy (yellow triangles) are compared to structures solved by electron
crystallography (yellow diamonds). The number of X-ray groups
working on membrane proteins has sharply increased since 1995
(black triangles). In contrast, only the groups of R. Henderson [11]
and Y. Fujiyoshi have submitted coordinates from electron analyses
(black diamonds). The latter group has collaborated with W. Kiihl-
brandt (LHC2) [13] and A. Engel (AQP1) [14]. However, a signifi-
cant number of membrane protein structures at a resolution of
5-8 A have been presented by different electron microscopy groups.
See also http://www.mpibp-frankfurt.mpg.de/michel/public/memprot-
struct.html

for designing the reconstitution experiments. Such a mixture
will assemble during detergent removal before the critical mi-
celle concentration (cmc) of the detergent is reached. Four
methods are currently used to achieve this condition: (i) dial-
ysis of the detergent [5], (ii) its adsorption to Biobeads [6],
(iii) dilution of the mixture to bring the detergent concentra-
tion towards the cmc [7], and (iv) the formation of monolayer
crystals at the air-water interface by the lipid monolayer
method (Levy et al., this issue, [43]). With a simple lipid—
detergent mixture, the onset of assembly during detergent re-
moval is manifested by a strong change of the particle size:
lipids form long worm-like structures that ultimately convert
to vesicles [8,9]. Similar drastic structural changes have been
observed by light scattering during membrane—protein recon-
stitution [7], and control of this process appears to be essential
for crystallization.

We have developed a temperature- and flow-controlled
open dialysis device that is frequently used for 2D crystalliza-
tion [5]. However, this method requires detergents with a cmc
>0.1%, which sometimes are not compatible with protein
stability. Biobead-driven reconstitution is a simple and power-
ful approach, and is suitable for low-cmc detergents. Biobeads
are also used for reconstitution of monolayer crystals at the
air-water interface. Lactose permease crystallization became
possible by producing pure protein at a concentration >3
mg/ml in 0.01% dodecyl maltoside three-fold dilution into
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lipids solubilized in decyl maltoside and subsequent dialysis-
driven reconstitution [10] (Fig. 2). Based on this experience,
approaches that include a pre-adsorption of excessive low-cmc
detergents to Biobeads followed by dialysis will now be ex-
plored.

3. Electron crystallography

Recent results demonstrate that electron crystallography of
2D crystals has progressed to atomic resolution. A large num-
ber of proteins have been crystallized in 2D [1]. In several
cases, the structures obtained by electron crystallography al-
lowed significant atomic models to be built. These include
bacteriorhodopsin (BR) [11,12], the light harvesting com-
plex-2 (LH2) [13], aquaporin-1 (AQP1) [14,15], and tubulin
[16]. However, many further membrane protein structures
have been assessed by electron crystallography, and their
structures evaluated to a resolution, which allowed the sec-
ondary structure to be clearly imaged [17-22]. Such knowl-
edge combined with the information from sequence analysis
frequently provides significant insight into the structure of the
protein.

This progress is the result of an important improvement of
the electron microscopes, first by the availability of field emis-
sion guns (FEG) operating at 200 or 300 kV, providing a
highly coherent illumination of the sample, and second by
the stable low-temperature stages developed in a pioneering
effort by the Kyoto group [23]. To make electron crystallog-
raphy a competitive method compared to X-ray crystallogra-
phy, data acquisition must become a routine operation. Au-
tomated electron microscopy has made significant progress,
and automated searches and data recording of crystalline
samples appear to be technically feasible. While images of
untilted samples kept at liquid nitrogen or liquid helium tem-
perature have routinely given resolutions in a range of 3-4 A,
tilted samples often show a reduced resolution for diffraction
spots that are far from the tilt axis. The reasons are (i) sample
charging and (ii) crystal flatness. Spot-scan illumination ap-
pears to be one approach to reduce specimen charging effects
[24]. Another possibility is sandwiching the frozen sample be-
tween two carbon films (Fujiyoshi et al., unpublished). Im-
provements in film flatness have been achieved by the use of
special molybdenum grids [25,26]. In addition, smooth crystal
curvatures should be compensated for by corresponding im-
age processing approaches.

Several examples demonstrate that the achievable resolution
is often close to or better than 3 A (Fig. 3). The basis for this
is clearly not the electron microscope alone, but also the crys-
talinity of the sample. Images are recorded mainly on film and
subsequently digitized, but high resolution CCD cameras are
likely to replace the film in the near future. A major advan-
tage of CCD cameras is their high dynamic range (16 bit is
achieved by all modern CCDs). This is now routinely ex-
ploited for recording electron diffraction patterns.

Combining image data from a large number of tilted images
and merging them, if possible, with diffraction data from a
similar data set allows the 3D Fourier transform of the mem-
brane protein, and thus its 3D density map to be determined.
The sophisticated image processing programs used to this end
have been developed over many years by the groups of the
Medical Research Council (MRC), Cambridge, London, UK
[27]. They are currently used by most groups in the field,
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Fig. 2. Lactose permease resisted 3D crystallization since more than a decade. In contrast, 2D crystals have been produced from this flexible
transporter by the dialysis method. Since the enzyme is difficult to keep in solution, crystallization experiments have not been reproducible, and
the best data collected so far are from negatively stained samples. Scale bars: 50 nm (micrograph) and (50 A)~' (diffraction pattern).

yielding 3D maps such as that shown in Fig. 4. Helices are
seen clearly, exposing side chains of variable sizes in higher
resolution maps. For refinement of the atomic models de-
signed on the basis of such density maps, various packages
commonly employed in X-ray crystallography have been used.
A recent approach has taken advantage of a high-resolution

structure of a homologous protein determined by X-ray anal-
ysis, the 2.2 A structure of GIpF (the glycerol facilitator of
Escherichia coli), to validate and refine the atomic structure of
AQP1 determined by electron crystallography (de Groot et
al., this issue, [44]).

It is instructive to compare data obtained by electron crys-

Fig. 3. Electron diffraction pattern demonstrate the order of 2D crystals. a: Purple membranes are highly ordered native 2D crystals of BR,
the proton pump of Halobacterium salinarium. These trigonal lattices (¢=b=62 A) can be merged to large sheets by detergent treatment. Pre-
pared by the trehalose embedding method, these crystals diffract to better than 3 A when recorded at liquid helium temperature. b: Tetragonal
crystals reconstituted from AQPI1 tetramers diffract to 3 A. Since the unit cell is larger (a=b=96 A) than that of BR, the signal-to-noise ratio
of the diffraction peaks is lower than in BR. c: GIpF assembles to highly ordered tetragonal lattices as well (a=5=104 A). The reflections at
the periphery marked by arrows are at 3.6 A. Diffraction pattern (a) and (b) were recorded with a 2X2 k CCD camera, whereas pattern (c)

was taken with a 1 X1 k CCD camera.
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Fig. 4. Density maps calculated from electron diffraction patterns and electron micrographs recorded from trehalose embedded samples kept at

liquid helium temperature. a: BR; b: AQP1; c: GIpF.

tallography with those from X-ray crystallography. Most re-
cently, the atomic structures of AQP1 and GIpF have been
compared (see de Groot et al., this issue, [44]). For BR, an
evaluation has been presented by Luecke ([28]; Table 1). After
alignment of the main chain atoms of the deposited BR struc-
tures with 1C3W (resolution 1.55 A), using the program
Swiss-PdbViewer, different BR atomic models have an overall
root mean square deviation (RMS) compared to 1C3W rang-
ing from 0.25 to 2.82 A, whatever the structure determination
method was used. Taking the best model obtained by electron
crystallography (resolution 3 A [12]), the overall RMS is 1.49
A. Significant variations emerge in the loops connecting the
helices. A comparison of different BR structures with topo-
graphs acquired with the AFM revealed that the flexibility of
loops monitored by AFM is reflected by the rather significant

Table 1

variations among different atomic models deposited in the
PDB [29]. Loops exposed at the surface represent the sites
of crystal contacts as well as the sites which interact with
the support in case of 2D crystals adsorbed to a carbon
film. Therefore, loops involved in crystal contacts are not
necessarily in a native conformation, and the specific struc-
tures of loops in BR and also of rhodopsin found by X-ray
crystallography may not represent the native state.

An interesting aspect of electron crystallography is the fea-
sibility of rather fast data collection and processing. The 6.9 A
3D map of GIpF has been determined from data recorded in
10 days on a 300 kV FEG instrument (Fig. 4c). Image pro-
cessing took altogether 2 months, but can be accelerated sig-
nificantly [30].

These examples not only show the power of electron crys-

Overall comparison of deposited atomic BR structures with the highest resolution structure (1C3W, 1.55 A resolution). By courtesy of H.

Luecke [28]

PDB code Main chain RMS (A) Side chain RMS (A) All atom RMS (A) Resolution (A) Method

IBRD 2.05 - - 3.5 ED

2BRD 1.88 3.55 2.82 3.5 ED

1AT9 1.19 2.00 1.63 3.0 ED

2ATY 1.28 1.68 1.49 3.0 ED

1AP9? 2.11 3.46 - 2.35 X-ray, CLP
1AP9 1.68 3.28 2.58 235 X-ray, CLP
1QHI® 0.46 1.14 0.86 1.9 X-ray, CLP
1QKO* 0.48 1.18 0.89 2.1 X-ray, CLP
1QKP* 0.48 1.17 0.89 2.1 X-ray, CLP
1cwq¢ 1.21 2.01 1.64 23 X-ray, CLP
1CWQ® 1.34 2.19 1.81 23 X-ray, CLP
1BM1 0.89 2.15 1.63 35 X-ray, detergent
IBRRf 1.04 1.67 1.40 2.9 X-ray, detergent
IBRX 0.41 1.12 0.83 23 X-ray, CLP
1C8R 0.19 0.30 0.25 1.8 X-ray, CLP
1C8S8 0.55 0.98 0.79 2.0 X-ray, CLP

The main chain atoms of the deposited BR structures were aligned with 1C3W, using the program Swiss-PdbViewer. The RMS deviation be-
tween the aligned structures is given for main chain atoms only, side chain atoms only, and for all atoms.

21AP9 as published in [39] and pre-released in January 1998.

"When discarding residues 5 and 6. With residues 5 and 6 included, the alignment values increase to 0.88 A, 1.28 A and 1.09 A.

¢Low-temperature K intermediates of wild type, based on entry 1QHJ.
dMolecule A (ground state) of deposited file without publication.
“Molecule B (M state) of deposited file without publication.

"Best of the three molecules in the asymmetric unit.

gM: intermediate of D96N mutant.
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tallography, but they also suggests that there is an open field
for improving sample preparation, data collection and image
processing.

4. AFM

AFM was developed 15 years ago by Binnig and coworkers
[3], and brought to biology by the Hansma group, which
demonstrated the feasibility of raster-scanning samples sub-
merged in buffer solution [4]. The latter technique provides
two essential advantages. First, biological samples can be
studied in their native environment, a physiological buffer so-
lution, and second, capillary forces that press the stylus onto
the sample when scanning in air can be eliminated [31]. This is
indeed a major prerequisite to achieve molecular resolution
images of soft and fragile biological sample surfaces. Subse-
quent developments opened the door for imaging in air by
allowing rapid oscillation of the cantilever and measuring
the damping when the stylus touches the sample. Such tapping
prevents capillary forces and minimizes friction, thereby al-
lowing small molecules to be imaged, even though they are
weakly adsorbed to the substrate [32,33].

Nevertheless, the highest resolution has been achieved on
reconstituted membrane protein surfaces operating the micro-
scope in the constant-force mode. The reasons are simple.
First, membrane proteins are firmly packed in the bilayer
and the entire assembly is immobilized on mica by van der

Fig. 5. LH2 of Rubrivivax gleatinosum are comprised of 9 o/f-heter-
odimers. The topograph recorded with an AFM in buffer solution
under optimum conditions reveals rings that show 9 distinct protru-
sions that have a height of 14 A. The scale bar is 50 A.
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Waals forces. Second, van der Waals forces pulling the stylus
towards the sample can be balanced by electrostatic repul-
sions, which are adjusted by changing the ionic strength of
the buffer [34]. Third, membrane proteins do not protrude
more than a few nanometers from the bilayer surface, thus
exposing a topography that can be contoured by a small but
sharp asperity of the tip. Such contours, acquired line by line
at a rate of typically 5-6 lines/s are assembled to images of
superb clarity as illustrated by the topograph of LH2 com-
plexes (Fig. 5). In this image, individual randomly arranged
circular complexes reveal nine distinct protrusions exhibiting a
diameter of approximately 10 A, which protrude from the
membrane by 14 A [35]. An even higher resolution is demon-
strated by the topograph of the extracellular surface of purple
membrane (Fig. 6a). As documented by the diffraction pattern
(Fig. 6b), a lateral resolution of 4.1 A is feasible (diffraction
order 6.9 of a trigonal lattice with unit cell dimensions
a=b=62 A; y=60°). The average of topographs from indi-
vidual trimers reveals a wealth of details. Considering the
small corrugation (5 A valley to peak), the question arises
whether the accuracy of the height measurement suffices to
resolve such fine details. To assess this, we have introduced
the simple method to calculate not only the average, but for
each pixel in this map also the S.D. [36]. S.D. maps do not
only show that the reproducibility of height measurements can
be significantly better than 1 A, but S.D. maps also highlight
the flexible regions of a molecule [37]. Fig. 6d shows that even
the robust extracellular BR surface exhibits distinctly different
regions with apparently different flexibility, yielding S.D. val-
ues ranging from 0.7 A (on the bilayer) to 1.7 A (on the
protein). If the major sources of noise were thermal height
fluctuations of the stylus, optical noise and/or electronic noise,
we would not detect an interpretable signal in the S.D. map.
Thus, the S.D. map reflects variability among individual BR
trimers. As documented by Fig. 6a, topographs acquired
under optimum recording conditions are not degraded by
noise of the instrument. Hence, the question as to how height
differences arise must be answered. The topography of BR as
well as other membrane proteins is determined by hydrophilic
polypeptide loops that connect transmembrane helices and
protrude from the membranes. Such loops exhibit a certain
flexibility mostly in the plane of the membrane rather than
perpendicular to it. Height variations, therefore, are likely the
result of lateral motion. This can conveniently be assessed by
searching the position of local peaks within the lateral reso-
lution of the topograph [38]. The result of such a search over
many hundreds of unit cells is a map that gives the probability
to find a peak, related (e.g.) to a loop within a resolution
element. Loops with significant lateral flexibilities will have
a broad position probability distribution, whereas stiff loops
will be indicated by sharp peaks in the probability map. This
is indicated in Fig. 6e, which shows that one major protrusion
resulting from the B-turn of the loop connecting helices B and
C is stiff and does not move significantly beyond the lateral
resolution (4.1 A in this case). The other protrusion is loop
FG and is equally well localized, compatible with small var-
iations among different BR structures.

The loop position probability and the potential well E(x,y),
in which the particular loop is trapped, are related by the
Boltzmann equation

p(x,y) = Cexp{—E(x,y)/kT} (1)



H. Stahlberg et al.IFEBS Letters 504 (2001) 166172

171

Fig. 6. High resolution topography and flexibility mapping of the extracellular surface of BR with the AFM. a: AFM topograph of the extra-
cellular surface of BR recorded in buffer solution (10 mM Tris-HCI, pH 7.5, 150 mM, KCI) (scale bar: 100 A; full gray scale: 5 A). b: Calcu-
lated power spectrum from raw data image (a). Half circle indicates a resolution of 5 A, small full circles surround diffraction spots at a resolu-
tion beyond 5 A c: Average of 1024 topographs (scale bar: 20 A; full gray scale: 5 A) d: S.D. map calculated from averaging 1024 particles
(scale bar: 20 A S.D. range: 0.7-1.7 A). e: Position probability map acquired from 1024 aligned topographs (see also Scheuring et al. [38])
(scale bar: 20 A; probability range 3.2E-4—6.4E-2). f: Surface energy landscape calculated from the position probability map by Eq. 2 (scale

bar: 20 A; full gray scale corresponds to 5.3 k7).

Therefore, the probability map gives an estimate of the
local surface energy landscape

E(x,y) = —kT In{p(x,y)}—kT In(C) (2)

Although this simple assessment holds only for individual
loops and should be done for each loop separately, Fig. 6f has
simply been calculated from Fig. 6e by applying Eq. 2. Fig. 6f
displays the energy landscape of the extracellular BR surface
to a good approximation, yielding a potential well for the -
turn of 5.3 kT depth. Energy landscapes have recently been
calculated for a number of membrane proteins, whose loop
conformations have been analyzed as described here [38].

5. Conclusions and perspectives

In membrane structure biology, the first major intermediate
goal is the production and purification of mg quantities of a

stable and native membrane protein. This can be studied by
nuclear magnetic resonance in its solubilized form (Fernandez
et al., this issue, [40]) it can be crystallized in the solubilized
form into 3D crystals, or it can be assembled into 2D crystals
by reconstitution into the lipid bilayer. Each method has its
own advantages, and hence the structural data obtained are
complementary. All methods should therefore be exploited in
parallel to achieve the best structural description of the pro-
tein in order to understand its function to the fullest extent.

2D crystals and their analysis by electron crystallography
and AFM has a great potential, mainly because the membrane
protein is reconstituted in its native environment, the lipid
bilayer. Electron crystallography provides information of the
3D structure at a resolution of 3-4 A, while AFM gives de-
tailed information about the surface structure and dynamics
of the membrane protein assessed. In all cases, the sample
preparation method is critical — even the best crystals would
yield unsatisfactory data if adsorbed to unsuitable substrates.
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While data acquisition and processing methods for electron
microscopy are now available, future developments should
aim for automated data acquisition and high-speed data anal-
yses that ultimately match those of X-ray crystallography.
Concerning AFM, we note a significant progress in rapid
scanning, and in increasing the sensitivity of force measure-
ments. Furthermore, multifunctional tips are now developed
that will allow the simultaneous acquisition of different sig-
nals, such as height information and electric currents. Such
developments will ultimately allow the biomolecules to be
observed at work.
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