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Abstract Electron crystallography determines the
structure of membrane embedded proteins in the two-
dimensionally crystallized state by cryo-transmission
electron microscopy imaging and computer structure
reconstruction. Milestones on the path to the structure
are high-level expression, purification of functional
protein, reconstitution into two-dimensional lipid
membrane crystals, high-resolution imaging, and
structure determination by computer image processing.
Here we review the current state of these methods. We
also created an Internet information exchange plat-
form for electron crystallography, where guidelines for
imaging and data processing method are maintained.
The server (http://2dx.org) provides the electron crys-
tallography community with a central information ex-
change platform, which is structured in blog and Wiki
form, allowing visitors to add comments or discussions.
It currently offers a detailed step-by-step introduction
to image processing with the MRC software program.
The server is also a repository for the 2dx software
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Abbreviations

2D Two-dimensional

3D Three-dimensional

cme Critical micellar concentration
cryo-EM  Cryo-electron microscopy

GUI Graphical user interface

NMR Nuclear magnetic resonance
TEM Transmission electron microscope
XRD X-ray diffraction

Introduction

Membrane proteins are of central importance for
health and disease. They correspond to more than 25%
of predicted proteins and act as transporters, channels,
receptors, and scaffolding components. Because of
their strategic location, membrane proteins play criti-
cal roles in many functions such as cell proliferation,
nerve and muscle contraction, and regulation of blood
pressure, salt, and water balance. Consequently, loss of
function typically results in critical physiological effects
such as neurological disorders, cancer, digestive dis-
eases, heart failure, etc. Because of their biological
importance, membrane proteins represent the majority
of today’s drug targets in pharmaceutical research and
are the major targets for current drugs ranging from
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Aspirin (cyclo-oxygenase) to Zoloft (serotonin trans-
porter) [1]. Structural biology of membrane proteins is
thus one of the most important fields of modern biol-
ogy. Nevertheless, less than 300 structures of mem-
brane proteins have been determined (see http:/
blanco.biomol.uci.edu/Membrane_Proteins_xtal.html),
about one-third of which are considered as unique
structures. These structures were determined mostly by
X-ray diffraction (XRD), electron crystallography, and
nuclear magnetic resonance (NMR), to a resolution
sufficient to at least identify trans-membrane helices.
Compared to more than 37,000 available structures of
soluble proteins available in the Protein Data Bank
(PDB, [2]), this low number of determined membrane
protein structures is in stark contrast to their biological

importance.
Structure determination of membrane pro-
teins—eukaryotic membrane proteins in particu-

lar—faces several technical hurdles. Difficulties in
heterologous over-expression, non-denaturing deter-
gent solubilization, and gentle purification limit the
amount of functional membrane protein sample that is
available for structural studies. Nevertheless, in cases
where it was successful, structure determination by
XRD of three-dimensional (3D) crystals, NMR, and
cryo-electron microscopy (cryo-EM) of two-dimen-
sional (2D) crystals revealed amazing structural con-
cepts and mechanisms that nature employs to solve the
challenging tasks posed to these proteins. Recent
highlights include the 1.35 A structure by XRD of the
ammonium transporter AmtB [3], the structure of the
waterchannel Aqp0 by cryo-EM at 1.9 A [4] and XRD
at 2.2 A resolution [S], and the structure of Mistic [6]
by NMR [7], to give only a few examples.

Over the past decade, electron crystallography has
established itself as a viable alternative to X-ray crys-
tallographic structure determination, especially of
membrane proteins. While the resolution often is lower
than that which can be obtained by XRD, electron
crystallography takes advantage of the fact that it
analyses the structure of the protein embedded in a
native membrane environment. Using this approach,
atomic models for seven membrane proteins and
tubulin were so far determined: BR [8], LHCII [9],
AQP1 [10, 11], nAChR [12], AQPO [4,13], AQP4 [14],
MGST1 [15], and Tubulin [16]. Several other mem-
brane proteins classified as transporters, ion pumps,
receptors, and membrane bound enzymes have been
studied by electron crystallography at lower resolution
allowing localization of secondary structure motifs
such as trans-membrane helices, and are likely to
produce atomic models in the near future (e.g.,
[17-20)).

@ Springer

Milestones

Structural investigation of membrane proteins by
electron crystallography involves milestones as de-
picted in Fig. 1. Before 2D crystals can be obtained
identified targets have to be cloned, expressed, and
purified. Structural analysis by transmission electron
microscopy (TEM) first establishes a 2D projection
map of the membrane protein as seen from above the
membrane. Combination of this map with data from
tilted 2D crystal samples allows the reconstruction of

Identified
20 targets

6 months

highly

12 expressed
proteins

9 months

purified
6 proteins
1 year
3 well-ordered
2D crystals

6 months

2 projection

maps
6 months
2 datasets
at7.0 A
1 year
1 datase;
at4.5 A

1 year

1 atomic mode
at<35A

Fig. 1 Milestones in the structure determination pipeline in
electron crystallography (center). Our estimates for the required
time to reach the next milestone for one experienced researcher
are given on the left, and a crude estimate of the thinning of the
pipeline is given on the right. These values are rough estimates
based on the current state of the technology. Pooling resources,
high-throughput and automation approaches, and open knowl-
edge exchange is likely to significantly accelerate and broaden
the pipeline in the future
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the 3D map of the protein. At a resolution of 7 A,
alpha-helical transmembrane segments can be identi-
fied. At 4.5 A the first densities for larger amino acid
side-chains can be recognized, and an atomic model
can be proposed at this or better resolution. Figure 1
also gives estimations for the required average time to
reach the next milestone, as well as the expected suc-
cess rates for those steps. These values are estimates
based on the current state of the technology. We esti-
mate an average time of 15 months for the production
of highly pure, homogeneous, and active protein, fol-
lowed by 1 year to grow well-ordered 2D crystals.
Structure determination by an experienced laboratory
would then require ~3 years, during which time the
quality of the 2D crystals would be further refined.
Cumulative failure rates imply that from 20 targeted
membrane proteins one atomic structure can be ex-
pected after ~5 years. In comparison with structure
determination by XRD, obtaining well-ordered 2D
crystals has a higher likelihood and lower estimated
required time. However, the structure determination
from such 2D crystals is still a labor- and time-intensive
procedure, where only a handful of laboratories have
so far demonstrated success. In the following we de-
scribe the different steps of electron crystallography
and then describe how we suggest accelerating the
process and increasing the success rate.

Membrane protein production and purification

Identified target sequences usually have to be cloned,
inserted into a vector and over-expressed in a heter-
ologous host. In the past, the use of bacterial expres-
sion systems has been particularly useful. However,
bacterial systems are frequently of little use for over-
expression of mammalian trans-membrane proteins,
which require many post-translational modifications
and processing events for correct protein folding. The
study of bacterial homologues as representatives of
human membrane proteins will be of limited use, as no
bacterial or archaeal homologues have been identified
for about 50% of human membrane proteins [21].
Several membrane proteins affect the function of
the host cell, e.g., insertion of the mammalian mem-
brane proteins into bacterial cell membranes often
results in cell death. Thus the search for a suitable
expression system may be challenging [22]. Cell-free
expression may be a valuable alternative route for
highly cyto-toxic membrane proteins. Cell-free systems
allow specific labeling of the sample, and the resulting
expression product usually does not need further
purification [23, 24]. However, cell-free synthesis sys-
tems generally lack post-translational modification

machinery, which may be disadvantageous in the case
of mammalian membrane proteins. Nevertheless,
Klammt et al. could produce several mg of membrane
protein per ml of reaction volume of apparently cor-
rectly folded protein after dissolving from a protein
precipitate by the addition of detergents and lipids [25].
Recently the same authors reported that the addition
of detergents and lipids to the translation mix stabi-
lized some of the proteins tested [26]. In addition to
these approaches, bacterial expression of eukaryotic
membrane proteins can be facilitated by addition of
the Mistic sequence to the target membrane protein
sequence. Mistic is a small, highly charged protein from
Bacillus subtilis, which facilitated bacterial expression
and membrane insertion of several mammalian mem-
brane proteins [6, 27].

The need to reside in a membrane environment
requires membrane proteins to be amphiphilic. These
physicochemical properties of membrane proteins
necessitate the use of detergents for solubilization from
the membrane and for purification. Finding the best
detergent for any given membrane protein is a matter
of trial and error. Nevertheless, many membrane pro-
teins can be solubilized and purified using a small
collection of detergents [28]. The purification of solu-
bilized membrane proteins uses techniques similar to
those employed for soluble proteins. Chromatographic
methodologies are widely used. In contrast to soluble
proteins, membrane proteins may interact strongly
with the column media, thus lowering purification
efficiency. Purification steps that remove bound
endogenous lipids from the solubilized membrane
proteins may also induce conformational changes or
loss of correct folding of the protein with subsequent
loss of function and may also result in protein precip-
itation [29, 30]. The use of poly-His or FLAG tags
facilitates purification on specific affinity columns, yet
the overall efficiency tends to be lower. Specific
cleavage sites can be inserted to remove unwanted
tags. Yet in this case, compatibility of the chosen
protease with detergents should be tested in advance.
Fortunately, well-ordered 2D crystals can also be
grown in the presence of the purification tags (e.g.,
[31]) thus making the addition of protease cleavage
sites mostly optional.

Solubilization, purification, and crystallization may
have different detergent requirements. Therefore, it is
necessary to perform a detergent-screen for all three
steps. Moreover, addition of solubilized lipids to the
purification buffers may help stabilize the membrane
protein during the purification, as indicated by the
beneficial effect of the addition of phospholipids in
the 3D crystallization of lactose permease (LacY)
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(L. Guan and H. R. Kaback, personal communication,
see also [32]).

The brief synopsis given in the previous paragraph
emphasizes the intricacies involved in membrane pro-
tein production for structural studies, regardless of the
approach that is chosen for the actual data collection.
With this in mind, centralization of membrane protein
production is extremely beneficial to the membrane
protein community by supplying pure protein for
structural analysis. This approach is implemented by
several centers supported by the protein structure ini-
tiative (PSI) of the National Institute of General
Medicine and Sciences (NIGMS, http://www.nig-
ms.nih.gov/Initiatives/PSI/Centers). For example, the
Membrane Protein Expression Center (MPEC, http://
mpec.ucsf.edu) performs large-scale membrane protein
production that benefits structural studies by several
methods and laboratories. Similar approaches are
underway in Canada (http://www.sgc.utoronto.ca/),
Europe (e.g., E-MeP, http://www.e-mep.org/), and Ja-
pan (BIRC, http://unit.aist.go.jp/birc/index_e.html,
[33)).

Two-dimensional membrane protein crystallization

The most widely used approach to achieve 2D crys-
tallization of membrane proteins is the slow removal of
the detergent from the protein-detergent micellar
solution in the presence of added solubilized lipids at a
low-lipid-to-protein ratio, to allow reconstitution of the
protein into a newly formed lipid bilayer (Fig. 2). The
goal is to reduce the detergent concentration to below
its critical micellar concentration (cmc) for which
precise knowledge of the starting detergent concen-
tration is required. Kaufmann et al. have recently
presented a device that allows exact determination of
detergent concentrations during purification and crys-
tallization trials using minimal sample quantities [34].
Here we briefly list and summarize the key aspect of
the different approaches that have been successfully
used in the past to generate 2D-crystals [28, 35-38].

Fig. 2 The 2D crystallization of membrane proteins by deter-
gent removal via dialysis. Detergent-solubilized and purified
membrane proteins (left) are mixed with solubilized lipids. The
membrane proteins will then either precipitate or reconstitute
into lipid membranes where they may form 2D crystals (right)
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Dialysis

The dialysis method consists of dialyzing 20-100 pl
samples against a large volume of buffer. This method
allows slow and controlled removal of the detergent,
but is difficult with low-cmc detergents, which require a
longer dialysis time. As with 3D crystallization, many
factors affect the membrane reconstitution and 2D
crystallization, such as the choice of detergent, lipid,
lipid-to-protein ratio, pH value, the kinds of salts, the
salt concentrations, temperature, and other factors
[36]. The use of a computer-controlled dialysis machine
can reduce the dialysis time, and also allows a precise
control of the temperature profile [35], which helps to
make the entire process more reproducible. Still,
fragile membrane proteins that do not withstand the
presence of detergent for a long period of time are
difficult to crystallize with this method.

Dilution

The principle of the dilution method is to dilute the
protein-lipid—detergent solution to a detergent con-
centration below that of its cmc, thus allowing recon-
stitution of the protein into the lipid bilayer. It has the
advantage that the detergent concentration can be very
quickly brought to below its cmc. This method is also
suited for low-cmc detergents [39, 40].

Hydrophobic adsorption

The detergent in a protein-lipid—detergent mixture is
removed by hydrophobic adsorption onto polystyrene
beads, which usually can selectively bind the detergent
but not protein or lipids. This procedure allows deter-
gent removal in a short-period of time, but the rate of
removal cannot be easily controlled. This method can
be used to remove both high- and low-cmc detergents
[41, 42].

Lipid monolayer crystallization

This method is based on the specific interaction be-
tween the solubilized membrane protein and a lipid
monolayer that covers an air/water interface. The lipid
monolayer is usually composed of two different kinds of
lipids, a ligand lipid for the protein and a dilution lipid.
Lipids need to be chosen that can maintain the mono-
layer even in the presence of the detergent. The lipid
film is spread at an air/water interface of an aqueous
solution containing the protein to be crystallized. The
lipid—protein complex diffuses in the plane of the film,
where the protein concentration is increased due to
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binding to the surface. Once bound, the membrane
proteins can be reconstituted into a phospholipid
membrane by adding lipids to the sub-phase and
removing the detergent with the addition of Biobeads.
This approach requires very small amounts of protein,
less than 1 pg per incubation trial [43, 44]. A similar
approach was developed by Auer et al., who grew 2D
crystals on an electron microscopy grid [45].

Crystal screening

As for 3D membrane protein crystallization, 2D crys-
tallization trials have to be screened for the presence of
crystals. Due to the small size of the crystal this is so far
done by TEM imaging of negatively stained specimens.
This step is labor intensive and monotonous, and rep-
resents a major bottleneck in the structure determi-
nation pipeline, given sufficient supply of purified
protein. The use of an automated imaging system such
as Leginon [46] or AutoEM [47] will greatly benefit
crystal screening. The challenge for automatic systems
lies in distinguishing 2D crystals from other precipi-
tates, protein-free lipid membranes, and stain and
other artifacts. The 2D crystals can have a multitude of
shapes and appearances and are accompanied by a
highly variable background. Nevertheless, the ability to
calculate power spectra of recorded images is a pow-
erful tool to assess crystallinity of a sample. Progress in
automated crystal screening systems will greatly ben-
efit systematic crystallization trials.

Electron microscopy data collection

Once suitable 2D crystals have been produced, a cryo-
EM sample preparation method has to be established
that maintains the high-resolution order of the 2D
crystal and at the same time presents the 2D crystals
with good contrast in the electron microscope. Several
sample preparation methods are available and have to
be adapted to the individual sample. The 2D crystals
usually are adsorbed to a thin carbon film, covering an
electron microscopy grid. The grid with the crystals is
then quick-frozen to liquid nitrogen temperature to
vitrify the buffer and thereby preserve the membrane
protein structure for cryo-EM imaging (e.g., [48]).
Alternatively, the crystal solution can be quick-frozen
on a fenestrated carbon film grid, and the crystals are
then imaged in the vitrified ice over the holes of the
carbon film [49]. However, the viscous (liquid) vitrified
ice provides inferior stability, electrical conductivity,
and sample flatness than a supporting continuous car-
bon film can provide [50], which can only be partly
compensated by surface coating [51]. Sugar embedding

is another sample preparation method that involves
partial drying of the carbon-film adsorbed membrane
protein crystals in the presence of sugars. Tannic acid
[9], trehalose [10, 16, 52] or glucose [53] can preserve
the ultra-structure of most 2D crystals while facilitating
the sample preparation and reducing the amount of ice
contamination on the frozen samples. Nevertheless, as
far as we know the latter approaches have not yet
worked with any membrane protein that has large
loops and/or termini residing outside the membrane.

The 3D structure of the membrane protein is
reconstructed by combining images from tilted 2D
crystal samples. Depending on the actual structure and
the goal of the analysis, this requires the recording of
cryo-EM images of flat 2D crystal samples at angles up
to 60° or 70° of sample tilt. Unfortunately, the elec-
tron-beam/sample interaction complicates the record-
ing of images of tilted samples, which frequently show
anisotropic diffraction that is poor in the direction
perpendicular to the tilt axis. This beam-induced res-
olution loss was attributed to buildup of positive
charge during the electron exposure, sample rear-
rangements under the electron beam, and/or a drum-
head movement of the sample during image recording
[50, 54, 55]. This phenomenon reduces the efficiency in
data collection and can void high-resolution data in
almost all of the recorded images of tilted samples. The
data collection efficiency can be significantly enhanced
by use of the SpotScanning data collection method [56—
58] or by the sandwich sample preparation method
[59]. The first consists of illuminating only a small area
of the sample, while the concentrated electron beam
“jumps’ over the tilted sample and records a pattern of
spots on one large image. This SpotScanning method
reduces the effect of the beam-induced image drift with
the dimensions of the illuminated sample area. The
sandwich sample preparation method embeds the 2D
crystals between two symmetrically arranged carbon
films, thereby increasing the electrical conductivity and
stability of the sample under the beam. Combination of
both methods can further increase the efficiency of the
data collection.

Recorded cryo-EM images of the 2D crystals are so-
called real-space images, which provide amplitudes and
phases for the reconstruction of the structure of the
membrane protein. The resolution of such real-space
images, however, is affected by sample vibration or
movement, beam-induced sample- or image-drift as
well as limited coherence of the electron microscope
under high-defocusing conditions. Similar to XRD, the
electron microscope can also be used to record elec-
tron diffraction patterns from the 2D crystals. Such
electron diffraction patterns provide the precise
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amplitudes of the structure, but do not give immediate
access to phase information. However, electron dif-
fraction data collection is not sensitive to sample
movement and does not significantly suffer from beam-
induced effects onto the sample. Therefore, electron
diffraction is an efficient way to collect high-resolution
data as long as highly ordered and flat 2D crystals of
sufficient size (generally diameter >1 pm) are available
[60]. As in XRD studies, the phases of the structure
then have to be obtained by other means, for example
from homologous protein models [4] or by phase
extension from a lower resolution 3D dataset [53]. A
remarkable achievement from electron diffraction data
collection is the recently solved 1.9 A resolution 3D
structure of Aquaporin-0 in the membrane-embedded
state [4]. This map also allowed the building of an
atomic model of the protein-surrounding lipid mem-
brane and the protein-lipid interactions.

Computer image processing

Extensive computer image processing of the recorded
electron crystallography data is needed to extract the
structure factors (amplitudes and phases) for the mem-
brane protein structure. Electron diffraction patterns
are quantitatively evaluated and the diffraction inten-
sities of the different diffraction spots are integrated to
yield the intensities of the diffracted electron rays. The
square-root of these intensities then gives the ampli-
tudes for the structure reconstruction. The real-space
images of 2D crystals have to be Fourier transformed to
produce a pattern similar to the diffraction pattern. The
computed complex Fourier transformation, however,
contains amplitude and phase information. While the
high-resolution content of the real-space images is likely
affected by the microscope and sample stability limita-
tions, the real-space image has the advantage that any
2D crystal defects can be recognized and computation-
ally corrected, before the Fourier transformation is
calculated. This “unbending” of the 2D crystal images
was first introduced by Henderson and Unwin [61], and
results in significant sharpening of the diffraction peaks
in the calculated Fourier transformation, after which the
values for amplitudes and phases for the spots can be
measured with much better precision.

Each real-space image or electron diffraction pattern
contributes data along a plane in the 3D Fourier space.
Measurements from several images or diffraction pat-
terns have to be combined, merged and interpolated to
obtain a coherent 3D dataset in Fourier space, which
can then be used to calculate a 3D map of the mem-
brane protein density. If this map has sufficiently high
resolution, an atomic model of the protein structure can
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be built. Due to the fact that images or diffraction
patterns of 2D crystal samples can only be collected at
sample tilts up to 60° or 70° tilt, a 3D dataset from
electron crystallography is devoid of information in the
vertical direction perpendicular to the membrane plane
and within a cone of at best 20-30° opening angle to the
vertical axis. This ‘‘missing cone”” phenomenon is
inherent to the method and is the reason why structures
from electron crystallography have a lower resolution
in the vertical direction: All details in the structure are
smeared out vertically, and thinner horizontal ele-
ments, for example the surface loops of helical trans-
membrane proteins, may become undetectable (see,
e.g., the lower panels in Fig. 1). In addition, regions of
the membrane protein crystal that are less-well ordered
will also appear at lower or even absent density in the
3D map. Less-well ordered regions are usually the
surface loops of a membrane protein crystal due to
deformations caused by adsorption of the crystal to the
underlying carbon film. This is the reason why most
electron crystallography structures do not show densi-
ties for the helix-connecting loops.

The computer image processing of the recorded
images or diffraction pattern is usually done with the
“MRC programs” for image processing [62]. Over
many years a large set of programs has been written for
processing images of 2D crystals and electron diffrac-
tion patterns, usually in Fortran-77 [8-10, 63]. While
this software collection offers a vast and invaluable
repertoire of tools for the processing of 2D crystal
images, its usage involves a high amount of interactive
time. An interesting new development is the Image
Processing Library and Toolbox software (IPLT) [64].
Bsoft is another powerful software system that is partly
applicable to 2D crystals [65].

Information exchange: 2dx.org

Electron crystallography so far lacks the community
infrastructure that became available for XRD through
the CCP4 initiative [66]. While the MRC programs for
electron crystallography are a powerful and well-
maintained software collection, the MRC software and
electron crystallography in general so far did not have
a detailed manual, a tutorial, a school or a dedicated
workshop, or conferences. This made it extremely
difficult for newcomers to start using this method, since
it usually required for a beginning student to be
introduced to the method and software by one of the
handful of experts in the field.

To address this need for information exchange, we
have created a web server 2dx.org to provide the
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community of electron crystallography with a central
information exchange platform for electron crystal-
lography of membrane proteins. This server is main-
tained by the Stahlberg laboratory at UC Davis, and is
based on a Zope platform (http://www.zope.org), run-
ning Plone (http://www.plone.org), and a ZWiki engine
(http://www.zwiki.org). The 2dx.org server intends to
collect information about electron -crystallography
sample preparation, imaging, and computer image
processing. It should give the newcomer to the method
all the information needed to quickly familiarize him/
herself with the method. It should also serve the ad-
vanced electron crystallography user as a central
database for expert knowledge and information ex-
change. Currently, the 2dx.org server contains a de-
tailed step-by-step introduction to the philosophy and
usage of the MRC software programs, as well as doc-
umentation about the MRC software and the conven-
tions for 2D crystal image processing, which were
contributed by Vinzenz Unger (Yale University) and
Anchi Cheng (Scripps Research Institute). The MRC
documentation section includes the description of the
functions and interfaces of the MRC programs, a col-
lection of tips and guidelines for the usage of these
programs, as well as definitions of the involved file
formats, the conventions for the tilt geometry and
other parameters. All manual or documentation pages

2dx_image File Edit Options

Fig. 3 The graphical user

of the 2dx.org server allow the visitors to add com-
ments, corrections or questions in form of an online
blog at the end of each page.

We also produce a software system 2dx for the user-
friendly image processing of electron crystallography
data [67]. 2dx provides a graphical user-interface
(GUI) that guides the user through the required pro-
cessing steps, displays processing parameters, and
processing results in a clearly structured way, and of-
fers extensive help information and functions in all
phases of the image processing (see Fig. 3).

The 2dx software is partly based on the MRC pro-
grams, and assists in the usage of the MRC software
and the interpretation of the processing results. 2dx in
addition offers optionally a high level of automation,
up to fully automatic processing of electron crystal-
lography data. While the current implementation of
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be used as user-friendly GUI for other backend pro-
cessing packages, for example, for single particle pro-
cessing tasks using the Spider software [68]. The 2dx
software is available under the Gnu Public License
(GPL), and is freely available as open source software
on the 2dx.org web server. 2dx runs natively on Mac
OSX and Linux/X11 (Linux, IRIX, and other Unix
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(right-mouse click), which offers a context-sensitive

interface of the 2dx_image 896 [eas/onaba 2000
program for u.ser-frlendly @ ° Unbend I
image processing of 2D L 3
crystals. The “Standard
SC"ipl‘S” in the top left panel |8 Initialization Faurler Filtering Unbending Data ULQVAL 9055.013
indicate the required |8 Calculate FFT holea Fourser Mask Reference Ceneration First Unbending). [ L uL_as 662055322311
. | Determine CTF maska (Fourier filter radius, first unbending) a’ o |
WOI'kﬂOW, which the user |8 Determine Lanice bowal (Reference diameter first unbending): @’ e
should accomplish in order to B Get spodst boxa2 (Ref. dam. st snbending SpoiScan spesl m |
. ‘quadrada (Radus for QUADSERCH, first unbending): [~ el
process one 1mage. Each |8 Unbend 1l Factor CC-Threshedd, first unbending 013
: |8 Correct CTF ‘quadpenda (QUADSERCH prediction range, first unbending) 7
workflow Step (scrlpt) |# Generate Map Commaon Image Frocessing Data

requires parameters, which
are displayed in the central
pane. The 2dx_image can
optionally determine the
required parameters and
perform the entire processing

RADUM:
|8 Calcutate Status

|8 Determine Spacegroup

|8 Generate SymMap

| Refine Parameters Unbend |
|8 Refine Parameters Unbend il

|8 image Imventory
fully automatically, which is a R Cearup
pre-requisite for high-
throughput image processing
in electron crystallography ——

{Upper Reschaticn Limit
ALAT [2-dimension of unit cell 1o reconstruct): 2000

trewen: Treat as non-tilted image?:

PRTRANS - to cal ‘ t
TWOFILE - to cal t ion

s o BT 0o
Switches for Algorithm ﬂﬂeu

a SCRATCH/BR2000.reference 1 mrc
-- Yes LN | orRATCH/autoBR2000.map.mrc

TIT eorrection before unbending * Cives @ ne
Treat SpotScan image *

SCRATCH/BR2000. msk.unbend 1.mrc
Cives @ro
PS/BR2000-quadserchla.ps
PS/BR2000-quadserchlb.ps
SCRATCH/cor1BR2000.cor.unbend]l....
PS/BR2000-ccunbend].ps
SCRATCH/corBR2000.mrc
SCRATCH/corBR2000.unbend 1.nota...

';_“.:H_ el "_;‘;;;‘““" ~ Qval = 9055.013Theor. Mag +50300

relation map 10-1

With IPAESS1 to uu £ifat ERAOR field

lation =ap for peais

66 20 5§ 5 3 2 2 3 11

cella: [ ”"
Banis Vectors: 1 :
®in, Max, mean: 13 24082
space Growps

Symsetiry Bytesi

Phase Crigis: 8 ]
moume

- to search ion =ap for poaks
with IPASE=) to read in first :nmz field and generat
CCUNBEND - to unbend the original image
TAPEREDGE - to eliminate t stripes

EPIRAMS - Lo caleulate FPT Lres laage after unbending se-sssssssossooesos
o0k~ me sedslation Ll

1g-2
67 20 5 7 2 4 1 5 &

or data extza

CTPAPPLY - Lo produce a first CTP overview sssssssssssss

it ‘l i Dofoc. Latt. SpSplit Mezge
o 10 mtat = 66 20 5 53223 11 TLTAXIS == - - -

S —————— TLTAXA == - - i

Tabalus L] [— UNBEND] ended. & XA - - - -

_unbend] finished T TANGL == = - -

@ Springer



526

J Comput Aided Mol Des (2006) 20:519-527

direct link to the documentation on the 2dx.org web
server. This allows the user throughout the different
image processing steps a close interaction with the
manual and documentation of the 2dx software, where
the users can also make use of the on-line discussion
blog for every section of the manual, to directly pose
questions or add comments or suggestions, or to con-
tribute their experiences or expert knowledge.

B. Hankamer from the University of Queensland,
Australia, H. Stahlberg, and R. Hill also organize a bi-
annual international workshop on electron crystallog-
raphy of membrane proteins, of which the first took
place at UC Davis from August 6-11, 2006 (see: http:/
2dx.org/workshop). This first electron crystallography
workshop featured 23 speakers, and was oversubscribed
and limited to 20 students, showing the need in the
community for information exchange in electron crys-
tallography. Also for the workshops, the 2dx.org web
server is the central information exchange platform.

Conclusions

Here we briefly summarized the different steps of a
structural study of membrane proteins by electron
crystallography. Each step presents difficulties, and
improvements are required but within reach. For now,
development of cell-free expression systems, dialysis
machines, automated imaging systems, and a variety of
different image processing software packages are
underway, thus accelerating the path to the structure.
Electron crystallography is an excellent alternative to
X-ray crystallography. Obtaining the structure of the
membrane protein embedded in a lipid bilayer instead
of detergent molecules may better reflect the native
structure of the membrane protein. Currently, atomic
models for seven membrane proteins and 12 medium
resolution models for which no X-ray structure is
available have so far been determined by this method.
Information included in these medium resolution maps
can be combined with other techniques such as
homology modeling to gain insights into the structure—
function relationships of more membrane proteins, not
amenable to 3D crystallization [21, 69]. To provide the
community of electron crystallography with a platform
for information exchange, we have created a web ser-
ver 2dx.org, where information about electron crys-
tallography sample preparation, imaging, and
computer image processing is maintained. The server
hosts user manuals for image processing software, the
software system 2dx, and documentation about a
biennial workshop on electron crystallography of
membrane proteins.

@ Springer
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