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Summary

Since the structure determination of bacteriorhodopsin in 1990, much progress has been made in the
further development and use of electron crystallography. In this review, we provide a concise
overview of the new developments in electron crystallography concerning 2D crystallization, data
collection and data processing. Based on electron crystallographic work on bacteriorhodopsin, the
acetylcholine receptor and aquaporins, we highlight the unique advantages and future perspectives
of electron crystallography for the structural study of membrane proteins. These advantages include
the visualization of membrane proteins in their native environment without detergent-induced
artifacts, the trapping of different states in a reaction pathway by time-resolved experiments, the
study of non-specific protein-lipid interactions and the characterization of the charge state of
individual residues in membrane proteins.

The structures

Electron crystallography began with Henderson and Unwin’s groundbreaking work on the
structure of purple membrane. Introducing glucose embedding as a new specimen preparation
method and electron crystallographic data processing, these pioneers could produce a density
map of bacteriorhodopsin (bR) at 7A resolution [1,2]. The map resolved for the first time
membrane-spanning a-helices and provided the first view of the structural organization of a
membrane protein. After improvements in specimen preparation, data collection and data
processing, Henderson and co-workers could finally present an atomic model of bR, the first
structure solved by electron crystallography [3]. Since then, a higher resolution map of bR was
obtained [4] and the structures of six more membrane proteins were solved by electron
crystallography: plant light-harvesting complex 2 [5], aquaporin-1 [6,7], torpedo ray nicotinic
acetylcholine receptor [8,9], sheep aquaporin-0 [10,11ee], rat aquaporin-4 (solved using
recombinant protein expressed in insect cells) [12ee] and rat microsomal glutathione
transferase 1 [13e].

A game of numbers

The number of solved structures

Seven structures may appear a modest accomplishment compared to the many more membrane
protein structures that have been determined by x-ray crystallography over the past few years.
Considering, however, that less than two dozen groups are currently pursuing electron
crystallography, compared to the hundreds of x-ray groups, the seven membrane protein
structures determined by electron crystallography compare quite favorably to those determined
by x-ray crystallography. More importantly, however, unlike x-ray crystallography, electron
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crystallography is not an “all or nothing” approach, and structural information can be extracted
even from poorly ordered 2D crystals. Electron crystallography has thus contributed structural
information of many membrane proteins in the 10A range, providing valuable information on
the arrangement of the transmembrane a-helices in these proteins (e.g., [14-16]).

The time it takes to solve a structure

Structure determination by electron crystallography used to be a tedious and time-consuming
task as it took not only a long time to produce high quality 2D crystals but also years to collect
and process the data. Over the past years the methodology has seen major advances. While the
best 2D crystals are still being produced by dialysis [17], new ways of producing 2D crystals
of membrane proteins have been introduced [18-20]. Still lacking are 2D crystallization
screens as those available for 3D crystallization, but efforts to establish such screens are
currently underway. Specimen preparation is one of the most crucial steps to obtain good
images of 2D crystals, which has to be optimized for each specimen. Nevertheless, the
development of the carbon sandwich specimen preparation technique [21] has dramatically
increased the yield of good images taken at high tilt angles from a number of 2D crystals. The
development of an electron microscope equipped with a helium-cooled top-entry specimen
stage by Fujiyoshi and co-workers [22] has made it much easier not only to collect high quality
images but also to quickly exchange EM grids until a suitable specimen has been obtained for
data collection. The programs developed at the MRC in Cambridge (U.K.) have been the
software of choice to process electron crystallographic data to date [23]. While versatile and
powerful, the MRC programs are not nearly as user-friendly as the software packages used in
x-ray crystallography. Recently the 2dx package has been released, which introduces a user-
friendly graphical interface for the MRC programs and represents a further step towards
automation of the data processing [24e]. In Europe, the Network of Excellence for three-
dimensional electron microscopy is reevaluating and advancing the methodology in electron
microscopy, and has also already contributed new concepts and software tools in electron
crystallography (e.g., [25,26e,27]). In addition, established x-ray crystallography approaches
are now being adapted to electron crystallography. Recent examples are the determination of
the AQPO and AQP4 structures by molecular replacement [10,11ee,12e6]. Phase extension
by density modification calculations is another example of an x-ray technique that could be
adapted to electron crystallography. The application of single particle averaging techniques to
unit cells extracted from poorly ordered 2D crystals (e.g., [28-30]) is yet another under-
developed approach that could enhance the use of 2D crystals.

The achievable resolution

Compared to x-ray crystallography, electron crystallography used to be a “low-resolution”
technique, as the resolution of density maps were typically limited to ~3.5A. Recently, the
structure of the aquaporin-0 mediated membrane junction was determined to 1.9A resolution,
revealing for the first time water molecules in an electron crystallographic density map
[11ee]. Electron diffraction patterns showing a comparable resolution have now also been
recorded from purple membranes and 2D crystals of two aquaporins (Yoshinori Fujiyoshi and
Andreas Engel, personal communication), solidifying electron crystallography as a method
that under favorable conditions can produce structures at resolutions comparable to those
obtained by x-ray crystallography.

Advantages of electron crystallography for the study of membrane proteins

The structure of membrane proteins in their native environment

Detergent micelles are an appropriate but imperfect substitution for the lipids surrounding
membrane proteins in situ. Crystal structures of membrane proteins in detergent micelles thus
always carry a certain risk not to represent the native structure of the protein. This risk is avoided
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with 2D crystals, in which the protein is embedded in a lipid bilayer. Density maps obtained
with 2D crystals, even at low resolution, can thus be used to critically assess differences in the
structures that membrane proteins adopt in detergent micelles and lipid bilayers. In the case of
the multidrug transporter EmrE, for example, the electron crystallographic structure, which is
likely to represent a biologically relevant state, is different from two x-ray structures, which
seem to represent non-native states of the protein [31]. It can thus be interesting to visualize
membrane proteins by electron crystallography even if crystal structures already exist. The
most intriguing example are voltage-gated ion channels [32-34], in which case it would be of
great interest to visualize the orientation of the voltage sensors within the lipid bilayer. Another
example are the rhomboid family of intramembrane proteases [35,36], in which case it would
be interesting to see the disposition of the predominantly a-helical L1 loop in the context of
the membrane, as the crystal structures show that it extends parallel to the membrane and is
embedded only in the extracellular leaflet of the lipid bilayer.

The difference between a detergent micelle and a lipid bilayer can also affect the behavior of
a membrane protein, as illustrated by the junction-forming interactions between AQPO
tetramers. In double-layered 2D crystals the two AQPO tetramers in the adjoining membranes
were exactly aligned (Fig. 1a) [10,11ee], whereas in loosely packed 3D crystals the paired
AQPO tetramers were rotated by 24° with respect to each other (Fig. 1b) [37]. The interaction
observed in the 3D crystals ought to be the preferred interaction, in which unrestricted AQPO
tetramers engage, but since the thin junctions between fiber cells are formed by square arrays
of AQPO [38], the interaction observed in the double-layered 2D crystals is presumably the
one used by AQPO in vivo. Interestingly, two other aquaporins also formed double-layered 2D
crystals, AQP4 (Fig. 1c) which was subsequently localized to both non-junctional and
junctional membrane areas in thin sections through the hypothalamus [12e e] and plant
aquaporin SoPIP2;1 [15].

Functional and time-resolved studies on 2D crystals

To test for their activity, membrane proteins are often reconstituted into liposomes. Since
vesicular 2D crystals are essentially liposomes that contain regularly packed protein, they can
be used to perform functional assays. This was done, for example, to establish that AQP1 in
2D crystals retained its biological activity [39]. Time-resolved electron crystallography studies
take functional analyses of membrane proteins much further. The basis of such experiments is
to induce a conformational change and to trap the protein in its new state by quick-freezing the
2D crystals in liquid ethane for structural analysis by electron crystallography. By carefully
timing the freezing after induction of the reaction, various intermediate states in a reaction
pathway can be trapped. An impressive example is the time-resolved electron crystallographic
investigation of the bR photocycle by Henderson and co-workers [40]. The conformational
changes in the membrane-spanning a-helices upon light-induced unbending of the retinal were,
however, eventually elucidated using mutant bR, in which the full extent of the light-driven
conformational change is present with or without illumination (Fig. 2) [41]. Elegant time-
resolved studies by Unwin and co-workers on tubular crystals of the acetylcholine receptor
provided unique insights into the mechanism of gate opening upon binding of acetycholine to
the receptor (Fig. 3) [8]. The open state of the channel was captured by spraying acetylcholine
on the tubular crystals and quick-freezing the samples within less than 5 ms [42]. By increasing
the time between spraying and freezing, the same approach should also eventually yield the
structure of the desensitized state. In contrast to tubular crystals such as those formed by the
acetylcholine receptor, which only provide access to the outside of the tube but not to its lumen,
sheet-like 2D crystals provide access to both sides of the crystallized protein. The most recent
example of functional studies on 2D crystals, although much more preliminary than those on
the acetylcholine receptor, is the application of electron crystallography to visualize the pH-
dependent conformational change that occurs in the Na*/H* antiporter from Methanococcus
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jannaschii [43]. The projection maps of the protein at low and high pH presumably represent
the closed and open states of the antiporter.

Lipid-protein interactions

X-ray structures of membrane proteins occasionally contain lipid molecules (reviewed in
[44-46]). Most notably, the structure of bR from lipid cubic phase crystallization revealed 13
phytanyl lipids, seven of which formed a bilayer structure, and a squalene [47]. 10 lipids were
also included in the refinement of the electron crystallographic structure of bR [48]. These,
and all lipids resolved in crystal structures so far, originate from the native membrane. The
electron crystallographic structure of the AQPO membrane junction revealed nine lipid
molecules per monomer [11ee]. These lipids were not co-purified from the native membrane
but dimyristoyl phosphatidyl choline (DMPC) molecules, the artificial lipid used for 2D
crystallization. Since DMPC is not present in native lens membranes, the structure revealed
the non-specific interactions of a membrane protein with the surrounding lipids in the bilayer
(Fig. 4a). In addition to the seven annular lipids that form a sheath protecting the hydrophobic
surfaces of the protein, the density map also revealed partial density for two lipids not in contact
with the protein, thus representing bulk lipids (Fig. 4b). The density map showed branched
densities for several of the annular lipids’ acyl chains (unpublished data). The data set was only
sufficient, however, to model the predominant conformation of the individual lipids. By
including more electron diffraction patterns in the data set, it should be possible in the future
to also model the alternative conformations of the lipids and to determine the relative
occupancies of the different conformations. It may thus be possible to directly visualize the
conformational dynamics of bilayer lipids in the presence of amembrane protein. Furthermore,
2D crystals of aquaporins can form with a variety of different lipids. Highly ordered 2D crystals
of aquaporin-1 formed with E. coli polar lipids [6], DMPC [49] and dioleoy! phosphatidyl
choline [7]. By reconstituting AQPO into 2D crystals composed of lipids with different acyl
chains and different headgroups, it may thus be possible to study how different lipids interact
non-specifically with a membrane protein and to understand the influence of a membrane
protein on the structure and dynamics of lipids in the surrounding bilayer.

Visualizing the charge of atoms

Unlike x-rays, electrons carry a negative charge and electron scattering is thus affected by the
charge state of the scattering atoms in the specimen. Especially in the resolution range below
5A, atomic scattering factors for electrons are very different for neutral and charged atoms. By
comparing differences in density maps calculated with and without the low-resolution
information, Fujiyoshi and co-workers saw effects in the 3A density map of bR that may reflect
the charge state of individual residues in the protein [4,50]. While more work will be needed
to fully understand the true potential, the initial results with bR illustrate that it might be possible
to use electron crystallography to visualize the charge state of individual residues in a protein.
In combination with time-resolved studies, it might thus be possible one day to directly follow
the path of the proton in bR as it is pumped through the membrane.

Conclusions

Structures of membrane proteins in different functional states, structures at resolutions
comparable to those of x-ray crystal structures, unresolved questions concerning membrane
protein structures determined by x-ray crystallography, and the potential to study non-specific
protein-lipid interactions and the charge state of individual amino acid residues in membrane
proteins all contribute to the renewed interest in electron crystallography. The community
continues to advance the methodology, and the First Electron Crystallography Workshop at
the University of California Davis (http://2dx.org/workshop) and the upcoming Special Issue
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of the Journal of Structural Biology on electron crystallography are signs of the new momentum
gained by electron crystallography.
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(@) Side view (b)  Side view (c) Side view

Top view Top view

Figure 1.

Membrane junctions formed by aquaporins-0 and 4. (a) Structure of the aquaporin-0 mediated
membrane junction visualized by electron crystallography of double-layered 2D crystals (pdb
accession code: 2B60) [10,11ee]. The paired tetramers are exactly in register. (b) Paired
aquaporin-0 tetramers as seen in loosely packed 3D crystals (pdb accession code: 2C32) [37].
The paired tetramers are rotated by 24° with respect to each other. (c) Structure of the
aquaporin-4 mediated membrane junction visualized by electron crystallography of double-
layered 2D crystals (pdb accession code: 2D57) [12ee].
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wild-type bacteriorhodopsin
D96G, F171C, F219L triple mutant
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Figure 2.

Structural basis of vectorial proton translocation by bacteriorhodopsin. (a) The bR structure
determined by Henderson and co-workers, which was the first atomic model produced by
electron crystallography (pdb accession code: 1BRD) [3]. (b) 3A resolution structure of bR
determined by Fujiyoshi and co-workers (pdb accession code: 2AT9). (c,d) Superposition of
wild-type bacteriorhodopsin (green; pdb accession code: 1FBB) and the D96G, F171C, F219L
triple mutant (red; pdb accession code: 1FBK), which always shows the full extent of the light-
driven conformational change, illustrating differences in the cytoplasmic portions of helices F
and G [41].
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closed open

Figure 3.

Open and closed states of the acetylcholine receptor. (a) Atomic model of the acetylcholine
receptor in the closed conformation based on a 4A density map [9]. (b) Binding of acetylcholine
opens the channel by initiating rotational movements (arrows) of the inner p-sheets of the a
subunits in the ligand-binding domain. These movements are communicated to the inner (M2)
helices lining the pore and break apart the gate — a hydrophobic girdle in the middle of the
membrane — so that ions can flow through. A tryptophan side chain in the ligand-binding
domain identifies the acetylcholine-binding region; a valine side chain links the inner sheet to
the inner helix; leucine and valine side chains on the inner helices make the gate (pink patch);
the locations of the membrane surfaces are indicated by broken lines; the relevant moving parts
are in blue. Figure reprinted by permission of Federation of the European Biochemical Societies
from “Structure and action of the nicotinic acetylcholine receptor explored by electron
microscopy” by Nigel Unwin, FEBS Letters, 555, 91-95, 2003.
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Figure 4.

Lipids surrounding an aquaporin-0. (a) Space-filling model of the lipid bilayer surrounding an
aquaporin-0 tetramer; the protein is shown in yellow and the lipids in two shades of blue. (b)
The nine lipids surrounding an aquaporin-0 monomer; the protein is shown as ribbon diagram
and the lipids as ball-and-stick models (adapted from [11ee]).
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