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Abstract Membrane proteins represent an important
class of proteins that are encoded by about 40% of all
genes, but compared to soluble proteins structural infor-
mation is sparse. Most of the atomic coordinates currently
available are from bacterial membrane proteins and have
been obtained by X-ray crystallography. Recent results
demonstrate the imaging power of the atomic force
microscope and the accuracy of electron crystallography.
These methods allow membrane proteins to be studied
while embedded in the bilayer, and thus in a functional
state. The low signal-to-noise ratio of cryoelectron
microscopy is overcome by crystallizing membrane
proteins in a two-dimensional protein—lipid membrane,
allowing its atomic structure to be determined. In
contrast, the high signal-to-noise ratio of atomic force
microscopy allows individual protein surfaces to be
imaged at subnanometer resolution, and their conforma-
tional states to be sampled. This review discusses
examples of microscopic membrane protein structure
determination and illuminates recent progress.

Keywords 3D electron microscopy - Atomic force
microscopy - Electron diffraction - Membrane protein
crystallization

Introduction

Biological membranes fulfill many vital functions as
interfaces to the outside world, as interfaces between
cells, and as boundaries of intracellular compartments.
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Thus, biological membranes are related to numerous
diseases such as hyperinsulinemia, nephrogenic diabetes
insipidus, congestive heart failure, liver cirrhosis, cystic
fibrosis, hyper- and hypotension, lung edema, epilepsy,
retinitis pigmentosa, and cataract. About 40% of the
sequenced genes appear to code for membrane proteins.
However, only 40 membrane protein structures are
available at atomic resolution, and among them only a
few are mammalian proteins, compared to 4,000 unique
crystal structures of soluble proteins. Therefore, progress
in membrane structure determination is essential to
enhance our understanding of biological membranes and
their functions, and a prerequisite for rational drug design.

To assess the structure of soluble proteins at atomic
resolution X-ray crystallography and NMR spectroscopy
are the most efficient methods. In contrast, progress in
structure determination of membrane proteins is slow,
because of serious difficulties in producing three-dimen-
sional (3D) crystals of these proteins. In spite of this, the
rate of new structures determined by X-ray crystallogra-
phy has increased (Chang et al. 1998; Doyle et al. 1998;
Fu et al. 2000; Hunte et al. 2000; Lancaster 2001; Locher
et al. 2002; Luecke et al. 1999; Pebay-Peyroula et al.
1997). Suitable 3D crystals of the first animal channel
protein, bovine aquaporin-1, have been produced, and the
structure has been solved to 2.2 A resolution (Sui et al.
2001). The strength of X-ray crystallography is the well-
established technology that allows structures to be solved
to high resolution with enormous efficiency, but this route
is still risky as a result of the crystallization bottleneck.
Solution NMR is the other established method to
determine atomic structures. It does not require 3D
crystals and allows the dynamics of a protein to be
assessed. Furthermore, progress toward the structure
determination of membrane proteins (Fernandez et al.
2001) and large complexes has been reported (Fiaux et al.
2002). However, difficulties with the stability of solubi-
lized membrane proteins can be a problem.

A powerful alternative to determine the structure of a
membrane protein is its reconstitution into two-dimen-
sional (2D) crystals in the presence of lipids (Stahlberg et
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al. 2001a; Werten et al. 2002). This approach restores the
native environment of membrane proteins and thus their
biological activity. Cryoelectron microscopy allows the
assessment of the 3D membrane protein structure at
atomic resolution. The atomic force microscope depicts
biological membranes in aqueous solutions, and permits
tracking of the movement of single loops (Scheuring et al.
2002a). In addition, this instrument allows the topology of
membrane proteins and their interaction with ligands to
be assessed (Clausen-Schaumann et al. 2000; Fisher et al.
2000).

This review introduces these microscopy techniques
and summarizes recent results acquired in our laboratory.

Microscopy techniques

Atomic force microscopy

The only instrument that can be operated in liquid, and
which provides subnanometer resolution images as well
as a superb signal-to-noise ratio, is the atomic force
microscope (AFM; Binnig et al. 1986). The AFM
measures the surface topography by raster scanning the
sample laterally below a sharp stylus that is attached to a
flexible cantilever. A servo system controls the scanner,
displacing the sample vertically to keep the cantilever
deflection constant. The optical detector resolves deflec-
tions of 0.1 nm or better, which corresponds to a force
difference of typically 10-50 piconewton (pN). Thus, an
AFM can contour the topography of a biological sample
in aqueous solutions at forces comparable to those of
molecular interactions. By electrostatically balancing the
forces between tip and sample, topographs are recorded
without sample deformation (Miiller et al. 1999b),
yielding a lateral resolution sometimes better than
0.5 nm, and a vertical resolution of typically 0.1 nm
(Stahlberg et al. 2001a). In combination with high-
resolution imaging, the AFM offers the unique possibility
to manipulate biologically active macromolecules under
physiological conditions (Fotiadis et al. 2002a). More-
over, the possibility to image native membranes with the
AFM is of particular interest, as no other instrument
allows such biosurfaces to be visualized at a resolution
better than 2 nm under physiological conditions.

The sensitivity of the cantilever deflection detector has
made single molecule force measurements with the AFM
possible (Clausen-Schaumann et al. 2000; Fisher et al.
2000). Force—distance curves are recorded by vertically
displacing the tip toward the sample until a single
molecule is attached by contact adhesion. Forces devel-
oping during subsequent tip retraction reflect the induced
unfolding pathway of the protein. Acquisition of high-
resolution images before and after 'unzipping’ a biomol-
ecule allows the damage produced to be directly visual-
ized (Miiller et al. 1999a; Oesterhelt et al. 2000,
Scheuring et al. 2002b).

Electron microscopy (EM)

Transmission electron microscopes equipped with a field-
emission gun transfer the atomic scale structural infor-
mation with only a small loss from the sample to the
image, which represents a projection of the 3D potential
distribution of the object. Meaningful information, how-
ever, can only be extracted when the sample is struc-
turally preserved in spite of the vacuum within the
electron optical system. Suitable methods produce
biomolecules embedded in a thin vitrified water layer
(Dubochet et al. 1988), or embedded in a layer of partially
dried and frozen sugar (Hirai et al. 1999). A combination
of staining the sample with a heavy metal salt to enhance
the contrast, and freezing the sample to preserve the high-
resolution structure is found in the cryonegative stain
sample preparation method (Adrian et al. 1998). Since all
these samples are sensitive to the electron beam, images
must be acquired at low electron doses. High-resolution
data of proteins are recorded at doses below 5 electrons/
A2, with the sample kept at 104 K with liquid nitrogen
(Conway et al. 1993), or at doses below 20 electrons/A2,
when the sample is kept at 4.3 K using liquid helium
temperature (Fujiyoshi 1998). Such recording doses
produce inherently noisy images, whose information must
be extracted by image averaging. To exploit the infor-
mation of each elastically scattered electron to the fullest
extent, the use of a highly coherent electron beam
produced by a field emission gun (FEG) is mandatory
(Fujiyoshi 1998; van Heel et al. 2000).

Since images (rather than diffraction patterns) are
recorded, thousands of single particle projections can be
acquired, classified, aligned, and averaged (Frank 2002;
van Heel et al. 2000). In this way the complete
information for a full 3D reconstruction of the potential
map is collected without producing any crystals of the
particles. Single particle reconstruction has mainly been
used for large soluble complexes such as the ribosome
(Frank 2002; van Heel et al. 2000), but also for some
solubilized membrane proteins (Bibby et al. 2001;
Grigorieff 1998). The achievable resolution of single
particle structure determination is now getting better than
1 nm.

Images of 2D crystals of membrane proteins, however,
allow the image signal to be extracted by crystallographic
methods. Using this approach, the atomic structure of
bacteriorhodopsin (bR) was first determined (Henderson
et al. 1990), and refined (Grigorieff et al. 1996; Kimura et
al. 1997; Mitsuoka et al. 1999a) using prototype FEG
microscopes while keeping the sample at a few kelvin.
Two other atomic structures of membrane proteins were
subsequently solved using similar instruments: the light-
harvesting complex of plants (Kiihlbrandt et al. 1994) and
human aquaporin-1 (Murata et al. 2000). Recent progress
in 2D crystallization has delivered crystals of several
transporters [NhaA (Williams 2000), OxIT (Hirai et al.
2002), and SecYEG (Breyton et al. 2002)], of the
bacterial rotor of ATPase (Stahlberg et al. 2001b; Vonck
et al. 2002), and of a CIC-type chloride channel (Mindell
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Fig. 1a-d Conformational changes of porin OmpF. a The features
of the periplasmic OmpF surface, which are recognized in the
unprocessed topograph recorded by atomic force microscopy in
buffer solution, are fully interpretable based on the atomic structure
(Cowan et al. 1992). Short f-turns comprising only a few amino
acids are sometimes distinct (inset, circle, and ellipse). b Extracel-
lular surface of OmpF. Two circles mark a trimer pair housed by
one unit cell of the rectangular crystal. ¢ pH-dependent conforma-
tional change of the extracellular surface. At pH<3 the flexible

et al. 2001), which allowed structure determination to a
sufficient resolution (approximately 6 A) to visualize the
secondary structure.

Bacterial porins

Gram-negative bacteria exhibit a cell wall structure that
includes an outer protecting membrane, a periplasmic
space, and an inner membrane. Porins are proteinaceous
pores that allow solutes to pass across the outer
membrane. The structurally and functionally well-char-
acterized porin OmpF, a trimeric membrane channel, is a
major outer membrane protein of E. coli. It comprises
16 antiparallel B strands forming the transmembrane pore
(Cowan et al. 1992). The strands are connected by short
turns at the periplasmic (Fig. 1a and inser) and long loops
at the extracellular surface, forming a domain that
protrudes by 1.3 nm above the bilayer (Fig. 1b). An early
puzzling finding is the voltage-gating properties of this
channel: ions and solutes up to 600 Da pass unhindered up
to an applied voltage of 150 mV (Engel et al. 1985;
Schindler and Rosenbusch 1978). While the reasons for
weak ion selective properties of porins have been
established based on its atomic structure (Schirmer and
Phale 1999), the voltage-gating mechanism remained
elusive until a series of AFM experiments provided

loops reversibly collapse toward the center of the trimer thereby
reducing their height from 1.3 to 0.6 nm. d Conformational change
of porin induced by an electrolyte gradient. The monovalent
electrolyte gradient across the membrane was >300 mM. Similar to
the pH-dependent conformational change, the extracellular domains
reversibly collapsed onto the porin surface. Topographs exhibit a
vertical range of 1 (a), 1.5 (b), and 1.2 nm (¢, d) and the scale bar
represents 5 nm

further structural information. Three conditions were
found to induce a displacement of the extracellular
domain toward the trimer center, resulting in a structure
with a height of only 0.6 nm (Miiller and Engel 1999): (1)
application of an electric potential >200 mV across the
membrane, (2) acidic pH (<3; Fig. 1c), and (3) generation
of a K* gradient >0.3 M (Fig. 1d). The second condition
suggests a protective function: E. coli cells passing
through the acidic milieu of a stomach may survive longer
by closing the outer membrane pores. The first condition,
however, is compatible with results from black lipid
membrane experiments, which demonstrated that porin is
a voltage-gated channel (Schindler and Rosenbusch
1978). Recent black lipid membrane experiments carried
out with maltoporin demonstrated the pH-induced gating
of this maltose-specific channel (Andersen et al. 2002),
corroborating the pH-induced conformational change
observed by AFM.

S-layers

Another type of protective structure found in bacteria and
archae is the surface (S)-layer, which is usually assembled
from a few proteins arranged in a regular array that covers
the cell surface (Sleytr 1997). As interfaces to the
environment S-layers mediate adhesion to biotic and
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Fig. 2a—f Controlled unfolding of a hexagonally packed interme-
diate (HPI) hexamer. a The surface topography of the HPI-layer
reveals hexameric cores that are connected by slender arms, which
are connected at two-fold centers of symmetry. The central pore
sometimes exhibits a central plug. b After formation of a molecular
bridge between sample surface and tip, a force peak (approximately
300 pN) is sometimes observed upon retracting the stylus. ¢ The
topograph subsequently recorded reveals a striking change: one
subunit is missing (arrow). d Another untouched area shows an

abiotic surfaces and allow uptake of nutrients. An
extensively studied example is the hexagonally packed
intermediate (HPI)-layer of Deinococcus radiodurans. Its
structure has been assessed by both electron microscopy
(Baumeister et al. 1986) and atomic force microscopy
(Miiller et al. 1996). Six identical protomers form the
HPI-layer pore, which can reversibly switch from an
unplugged to a plugged conformation (Miiller et al. 1996).
The outer surface of the HPI-layer is hydrophilic, whereas
the hydrophobic N-terminal region of the HPI polypeptide
(Peters et al. 1987), located at its inner surface, anchors
the HPI-layer in the outer membrane. As a protective
barrier, the HPI-layer exhibits an unusual resistance to
extreme ionic strengths over a wide pH range, to
aggressive detergents as well as to mechanical and to
osmotic stress.

High-resolution topographs of the inner HPI-layer
surface reveal cores with a central channel that are
connected by slender arms (Fig. 2a). When approaching
clean areas with the stylus until a force of 1 nN is reached,
a molecular bridge between stylus and HPI-layer is
formed in 10-20% of the approaches. Upon retraction of
the stylus, characteristic force—extension curves exhibit-
ing two types of force peaks are observed (Miiller et al.
1999a). Peaks of the first type were typically 90 pN high,
and subsequent imaging of the same area did not reveal
any structural change, indicating rupture of the molecular
bridge between AFM stylus and HPI-layer. The second
type had three times higher force peaks (Fig. 2b), and the
topograph subsequently recorded showed a striking

10 20 30 40 50
Extension [nm]

intact HPI-layer. e A rare event is the occurrence of multiple peaks,
in this case six of them, rather similar in height and equally spaced
[the lengths of the fitted worm-like chains (Fisher et al. 2000) are
given in nanometers]. f The six distinct force peaks are related to
the unzipping of an entire HPI hexamer, as documented by the
topograph subsequently recorded. The molecular contaminants
represent fiducial marks to identify the area scanned prior to
deposition of the tip. Scale bar represents 20 nm and the brightness
range corresponds to 7 nm

change: a single protomer was always missing from one
HPI hexamer, as illustrated by comparing the frame
recorded before (Fig. 2a) and after the occurrence of a
type II force peak (Fig. 2c arrow). A much less frequent
event has a force—extension curve, which exhibits six
major (200-300 pN) equally spaced peaks (Fig. 2e), while
the corresponding control topograph shows that during
retraction of the stylus an entire HPI hexamer has been
zipped out (Fig. 2f; compare to Fig. 2d). Rupture events
with two, three, four, or five peaks in the force—extension
curve are also observed, and are correlated with the loss
of two, three, four, or five monomers, respectively.

Equally spaced force peaks (Fig. 2e) indicate a strong
interaction between protomers through a flexible link that
has a length of 7.3+1.6 nm, close to the thickness of the
HPI-layer. The fact that several protomers can be pulled
out sequentially implies that the interaction forces within
hexamers are stronger than the forces between them.
Thus, extraction of each protomer involves breakage of
the spoke that connects hexamers within the HPI-layer
(Miiller et al. 1999a).

The S-layer of Corynebacterium glutamicum, another
well-characterized S-layer, is assembled from the PS2
protein. High-resolution AFM topographs (Fig. 3a—d) of
native and digested S-layers reveal a hydrophilic, prote-
ase-resistant outer surface, and a hydrophobic, protease
cleavable inner surface (Scheuring et al. 2002b). In spite
of its hexameric nature, this S-layer exhibited a distinctly
different unfolding pattern compared to the HPI-layer.
Unzipping of a total hexameric core from C. glutamicum



Fig. 3a—g Surface topography, proteolytic digestion, and unfolding
of the S-layer of Corynebacterium glutamicum. a The inner surface
reveals six-fold cores, which have a central pore and are connected
by slender arms at three-fold centers of symmetry. A small crown
(arrow) is distinct. b After trypsin cleavage, the crown is missing. ¢
The extracellular surface shows triangular units arranged around
the six-fold center of symmetry. d This extracellular surface is not
affected by trypsin. e An almost perfect region of the S-layer

reveals three major rupture peaks (approximately 270 pN;
Fig. 3e—g) interspersed by three faint peaks (approxi-
mately 70 pN; Scheuring et al. 2002b), in contrast to the
six rupture peaks (approximately 300 pN) measured for
the removal of one hexameric core of D. radiodurans.
This difference of the force curves reflects the different
packing arrangements of the two hexagonal protein
lattices. While D. radiodurans HPI-layer proteins assem-
ble into hexameric cores with each protein making one
additional connection with one protomer of another core
(Fig. 2), the S-layer proteins form hexameric cores with
each protein being connected to two protomers of two
other cores (Fig. 3). The six almost equal force peaks
observed upon unzipping the HPI-layer are explained by
strong interaction forces between subunits within the core
and weaker forces (i.e., 300 pN) between the slender arms
interacting at two-fold centers. In the C. glutamicum S-
layer, however, subunits of adjacent cores are connected
at three-fold centers.

Rhodopsin

Rhodopsin is the primary molecule in the visual signaling
cascade. Activated by a single photon it induces subunit
dissociation of the heterotrimeric transducin molecules,
the cognate G-protein, which amplifies the light signal.
Rhodopsin, whose structure has recently been solved, is
thus a prototype G-protein-coupled receptor (GPCR) and
a member of subfamily A comprising approximately 90%
of all GPCRs. In the vertebrate retinal photoreceptors, rod
outer segment-disk membranes are tightly stacked to
ensure a dense packing of light absorbing rhodopsins, and
in turn, a high probability of single photon absorption.
The organization of rhodopsin in the native membrane is
important because recent studies indicate that the regu-

exhibits a single partially damaged core (asterisk). f After
unfolding of a single hexamer, the missing core is distinct (circles).
g The force—distance curve recorded during tip retraction shows
three major and three minor (arrows) peaks. This particular force
curve is related to the subunit interaction at the three-fold center of
symmetry. Scale bars represent 20 nm and the brightness range is
3.5nmina, b, e, and f, and 2 nm in ¢ and d

lation of GPCRs and their interaction with the G-protein
heterotrimer depend on their oligomeric state. To unveil
the native supramolecular arrangement of rhodopsin, rod
outer segment-disk membranes were isolated from mouse
retinas and adsorbed to mica. Their topography was
measured in buffer solution using an infrared laser AFM.
Single-layered disk membranes had a circular shape,
diameters between 0.9 and 1.5 um, a thickness between 7
and 8 nm, and either a soft or a rather stiff, highly textured
surface (Fotiadis et al. 2003; Liang et al. 2003). The
topography of the latter could be acquired at high
magnification (Fig. 4) revealing rows of rhodopsin pairs
densely packed in paracrystalline arrays. The distinct,
densely packed double rows clearly demonstrate the
dimeric nature of the native rhodopsin protein, supporting
previous biochemical and pharmacological analyses that
proposed GPCR dimerization and higher oligomerization
(Rios et al. 2001). In contrast to indirect evidence and
evolutionary trace analysis the topographs acquired with
the AFM presented here show the rhodopsin dimers
directly.

Aquaporins

Membrane channels specific for water and small non-
ionic solutes have been predicted to regulate the osmotic
pressure a long time ago, and their existence was
demonstrated by expression of aquaporin-1 (AQPI) in
Xenopus oocytes (Preston et al. 1992). Water channels
exist in bacteria, plants, and animals, forming a family
which comprises over 300 members that are divided into
the aquaporins (AQPs) and glycerol facilitators (GLPs).
Their core, formed by six full transmembrane and two
half helices, is highly conserved, with essential differ-
ences between AQPs and GLPs. However, loops A, C,
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Fig. 4a—c Atomic force mi-
croscopy of a native disk
membrane adsorbed on mica
and imaged in buffer solution
(20 mM TRIS-HCI, pH 7.8,
150 mM KCl, 25 mM MgCl,).
Topographs were acquired in
contact mode at minimal load-
ing forces (<100 pN). a To-
pography and paracrystalline
organization of rhodopsin in the
native membrane. b The calcu-
lated power spectrum of a re-
flects the regular arrangement
of the rhodopsin molecules. ¢
At higher magnification rho-
dopsin dimers (broken ellipse)
forming the paracrystals be-
come evident. An arrowhead
marks an occasional rhodopsin
monomer. Scale bars represent
50 nm in a, (5 nm)~' in b, and
15 nm in c. The brightness
range in a and ¢ corresponds to
1.6 nm

Fig. 5a, b Aquaporins readily crystallize when reconstituted in the
bilayer at a lipid-to-protein ratio <1. The choice of the lipid, the pH,
and the presence of suitable counterions are critical. Electron

and D, as well as the termini are variable, explaining
different surface topographies, which have been revealed
by AFM (Fotiadis et al. 2000, 2002b; Scheuring et al.
1999). Often, these structural features are related to
function. For instance, adhesion of lens fiber cells is

diffraction extending to 3 A resolution and beyond reveals high
crystalline order for aquaporin (AQP)-1 (a; Mitsuoka et al. 1999b)
and AQP2 (b)

likely to be mediated by AQPO, since knockout mice
lacking AQPO form irregular, highly scattering lens
structures (Shiels et al. 2001). This is corroborated by
AQPO assembling into double-layered, precisely stacked
2D crystals resulting from a groove-and-tongue interac-
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Fig. 6a—c Data collection and processing to build the 6.9 A
potential map of GIpF (Stahlberg et al. 2000). a The projection map
of GIpF tetramers recorded at a sample-tilt of 0° together with the
calculated Fourier transform. b The projection map of GlpF
tetramers recorded at a sample-tilt of 60° together with the

tion of protrusions at the extracellular surface (Fotiadis et
al. 2000). Another example concerns the highly conserved
C-terminus of AQPI, which harbors a putative Ca®*
binding site (EF-hand), whose function has yet to be
elucidated (Fotiadis et al. 2002b). The AFM has also been
used to sample the conformational states of loops
connecting the helices of AqpZ, the E. coli water channel
(Scheuring et al. 2002a).

While AFM depicts the surface features of densely
packed membrane proteins under native conditions, their
3D structure can only be determined by electron or X-ray
crystallography. Electron crystallography has provided
the 3D structures of AQP1 (Murata et al. 2000) and of
GlpF (Stahlberg et al. 2000). Electron crystallography
offers the advantage to assess the structure of an
aquaporin, whose function has been assessed in the
crystallized state (Walz et al. 1994). A critical hurdle is
the growth of highly ordered 2D crystals, which is in
general more readily achieved than the growth of suitable
3D crystals. Aquaporins have a propensity to form 2D
crystals as demonstrated by electron diffraction patterns
of AQP1 and AQP2 (Fig. 5).

Once 2D crystals of high quality are available, electron
crystallography allows the 3D potential map to be
determined in a relatively straightforward manner (Fu-
jiyoshi 1998). The procedure is illustrated in Fig. 6 for the
GIpF structure determined to 6.9 A resolution (Stahlberg
et al. 2000). First, projection maps are recorded from
crystals that are tilted in the microscope between 0° and
60° (Fig. 6a, b). The respective Fourier coefficients are
extracted from the calculated transforms and merged to

0.|'| S)
y*) [1/A]

| |
0.05 0.10
Lateral Resolution (x*,

calculated Fourier transform. ¢ The merged data set used to
establish the potential map at 6.9 A resolution. The data density is
low between 45° and 60°, but the information extends beyond the
applied resolution limit

build up the 3D Fourier transform of the crystallized
protein. The map displayed in Fig. 6¢ gives an account of
the progress in data collection. When a resolution limit is
applied as in Fig. 6c, the reconstructed potential map
reveals essentially the topology of the protein; a-helices
can readily be accommodated (Fig. 7a). Upon reaching a
higher resolution, as in the case of AQPI (3.8 A; Murata
et al. 2000), the structural detail suffices to build an
atomic model (Fig. 7b). Further refinement yields a model
(de Groot et al. 2001) that is sufficiently accurate to allow
functional clues to be extracted (de Groot and Grubmiiller
2001).

Atomic models derived from potential maps obtained
by electron crystallography prior to X-ray crystallography
provide an excellent opportunity to test the validity of
EM-derived models. In the case of AQPI, instabilities
during molecular dynamics simulation fostered a refine-
ment of the atomic model (de Groot et al. 2001). The
accuracy of this model was subsequently evaluated with
the 2.2 A structure obtained by X-ray crystallography
(Fig. 8), revealing an excellent correlation between the
two structures (de Groot et al. 2003).

Perspectives

Microscopy techniques open important possibilities to
assess the structure, dynamics, and function of membrane
proteins. The examples presented here intend to demon-
strate that these techniques, although used and developed
in relatively few laboratories, now reach a level that



Fig. 7a, b Progress in the determination of the AQPI atomic
model. a At 6 A resolution the secondary structure becomes visible.
b At 4.5 A resolution the peptide backbone can be placed, the side
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Fig. 8a, b Atomic models of AQPI. a The potential map of the
channel region with the refined atomic model based on the 3.8 A
resolution data obtained by electron crystallography. At this
resolution, the definition of the side chains becomes clear, but
the detailed packing arrangement needs to be refined by statistical

allows their routine application. Compared to the efforts
invested for X-ray crystallography in sample preparation
(i.e., high-throughput 3D crystallization using robots) and
the costs of synchrotrons as well as NMR instruments, the
investment in microscopic techniques is rather small. Yet
no other technique offers such a wide insight into the

chains, however, are not discernible in the map. Scale bars

represent 1 nm in a and 0.5 nm in b

methods (de Groot et al. 2001). b Comparison of atomic models of
AQP1 obtained by X-ray (yellow, bovine AQPI) and electron
crystallography (red, human AQP1) reveals the close agreement of
the independently determined structure (de Groot et al. 2003)

structure of living matter from the cellular up to the
atomic level.

Here we have concentrated on discussing the high-
resolution end, where significant progress has been made.
The results indicate that further developments of micros-
copy-based methods are important. The AFM will provide
information about the native organization of biological



membranes, the dynamics of membrane proteins, and
their molecular interaction with ligands. Electron crystal-
lography is expected to provide the atomic structure of
membrane proteins that are not amenable to 3D crystal-
lization. Ultimately, however, the same bottlenecks as
found in X-ray crystallography will limit the progress of
electron crystallography, namely, the large scale expres-
sion of functional membrane proteins and the problem of
their crystallization.

Exciting progress has been reported in electron
tomography, which now provides insight into the molec-
ular organization of entire cells (Medalia et al. 2002).
Combining the information gathered at all resolution
levels will provide the structural knowledge required to
understand not only the functioning of biomolecular
complexes, but rather the working of complex biological
systems.
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