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Abstract

Electron crystallography has evolved as a method that can be used either alternatively or in combination with three-dimensional crystallization
and X-ray crystallography to study structure-function questions of membrane proteins, as well as soluble proteins. Screening for two-dimensional
(2D) crystals by transmission electron microscopy (EM) is the critical step in finding, optimizing, and selecting samples for high-resolution data
collection by cryo-EM. Here we describe the fundamental steps in identifying both large and ordered, as well as small 2D arrays, that can
potentially supply critical information for optimization of crystallization conditions.

By working with different magnifications at the EM, data on a range of critical parameters is obtained. Lower magnification supplies valuable data
on the morphology and membrane size. At higher magnifications, possible order and 2D crystal dimensions are determined. In this context, it is
described how CCD cameras and online-Fourier Transforms are used at higher magnifications to assess proteoliposomes for order and size.

While 2D crystals of membrane proteins are most commonly grown by reconstitution by dialysis, the screening technique is equally applicable
for crystals produced with the help of monolayers, native 2D crystals, and ordered arrays of soluble proteins. In addition, the methods described
here are applicable to the screening for 2D crystals of even smaller as well as larger membrane proteins, where smaller proteins require the
same amount of care in identification as our examples and the lattice of larger proteins might be more easily identifiable at earlier stages of the
screening.

Video Link

The video component of this article can be found at https://www.jove.com/video/1846/

Protocol

1. Grid Preparation of 2D Crystallization Trials

1. Carbon-coated 400-mesh copper EM grids are prepared by negative stain. Uranyl acetate is frequently used and provides a long-lasting stain
in terms of storage of the solution for several months before use as well as suitability for long-term storage of grids. In contrast, other negative
stains such as uranyl formate, while providing excellent staining, need to be freshly made 1. For fast preparation of a large number of grids to
be used for screening of 2D crystallization trials, a modified version of negative staining is used. A volume of 2 μL of sample is pipetted onto a
carbon-covered EM grid and incubated for 60 s. This is followed by blotting from the edge with a torn piece of Whatman #4 filter paper (Figure
1; video), and then 2 μL of 1% uranyl acetate are applied immediately, which are again blotted from the edge of the grid after 30 s. Touching
the grid on the rim with the torn edge of the filter paper ensures optimal removal of liquid without removal of proteoliposomes. Furthermore,
drying at the edge of the grid ensures improved preservation of the carbon film. Care must be taken in preparation and handling of the
grids, as breakage of the delicate carbon film prevents sample adhesion and can result in an inaccurate representation of the sample. While
traditionally larger sample volumes of 5 μL were and are routinely used for grid preparation, precious samples can be saved by reducing the
volume to 2 μL or less 2.

2. To produce the largest possible membranes, some of our samples require high concentrations of glycerol or sucrose (10-20%) to be present
in the dialysis buffer. This can have a negative effect on grid preparation, as glycerol or sucrose is highly viscous and prevents uranyl acetate
from properly penetrating the buffer, and thus incompletely staining the membranes. Consequently a possible lattice will be obscured. Either
the buffer can be exchanged by centrifugation of the samples and replacement by glycerol/sucrose-free buffer (not shown), or the grids can
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be washed with buffer or glycerol/sucrose-free buffer in one to several cycles before negative staining similar to a technique used for cryo-EM
3,4.

2. Assessing 2D Crystallization Trials by EM

1. Depending on the type of sample holder, either one or multiple grids are loaded. A magnification of 2-10K, which will be referred to here as
intermediate magnification, allows for a first impression of average distribution and extent of dispersion of membranes, morphology, and size,
which is taken note of in the laboratory notebook 5. Suitable areas are recorded as representative overviews with the help of a CCD camera
or, if a CCD camera is not available, on film.

2. Low magnification in the range of roughly 400-800x is used at times when an overview of the entire sample/grid is desired. While not
employed with every grid, low magnification gives valuable information of help in the evaluation of the grid preparation in terms of several
aspects: both negative staining and potential partial breakage of carbon film, sample concentration on the grid, and possibly uneven
proteoliposome distribution. Individual grid squares might be viewed with the binoculars or CCD camera. With some EMs it is possible to save
positions of particular interest, which can be recalled for later inspection at higher magnifications.

3. Once a grid area of interest has been identified at either low or intermediate magnification, the magnification is changed to approximately
50K-60K. Depending on membrane, crystal and unit cell size, if known, magnifications as low as 30K and as high as 80K are used. The
magnification range of 30-80K will be referred to as high magnification for the purpose of screening for 2D crystals. Focusing occurs either in
the focus setting of the low-dose set-up, with subsequent switch to image/photo setting, or in the vicinity of the area of interest.

a. In cases of ambiguity in whether the area of interest is indeed a membrane, the sample is inspected for carbon-film in the size of
proteoliposomes, mica, or other artifacts. For this purpose, edges reveal typical folding and morphology.

b. Now the area of interest is inspected with a CCD camera. A CCD image is collected at 30K-80K magnification, depending on
membrane size, protein or unit cell size, or known crystalline area. The lattice of a smaller and/or mostly hydrophobic membrane
protein is not necessarily visible by visual assessment of the CCD image itself. Either the entire image is used for an online-Fourier
transform (FT, or fast FT -FFT). This FT will contain a significant amount of noise, however, if the ordered array is small. Thus, a
reduced boxed image size will allow for an improved signal-to-noise ratio of a smaller crystal and easier identification. For this purpose,
the box is moved over the image and a live FT is evaluated.
  

The intensity/brightness of the beam is adjusted keeping low-dose conditions for the sample, as well as CCD camera settings in mind.
Depending on the CCD camera used, the gamma of the live FT is adjusted for optimal identification of ordered arrays. An overly
high value can obscure spots due to noise contributions, and an excessively low gamma value will prevent weaker spots from being
identified. These weaker spots might be due to smaller crystalline arrays with spots in the FT barely above the noise level.
  

While data at higher resolution has been collected of a small number of samples 6, commonly the resolution of negatively stained 2D
crystals is limited to or should not be expected to be better than roughly 15Å resolution. With a defocus of approximately -400 nm, not
more than 1-3 orders of spots are expected to be easily identified. Samples are generally not evaluated for resolution, as cryo-EM data
collection will give a proper indication of highest achievable resolution. Sharpness of spots and possible mosaicity are noted though.

4. Different membranes, as well as membrane morphologies, are evaluated for order at high magnification. This is particularly critical at
beginning or intermediate stages of 2D crystallization trials, as smaller rather than bigger proteoliposomes or membrane patches can contain
the most promising areas. Very low percentages of 2D crystals will require image acquisition and FT, or optical diffraction, of a large number
of images since initial identification of ordered arrays will frequently lead to rapid improvement of size and quality 2,4,7.

3. Representative Results

Ideally ordered proteoliposomes display readily recognizable, sharp spots. Large and well-ordered crystals are easily identified by online-FT of
CCD images or optical diffraction of micrographs.

The example shows 2D crystals of a small membrane protein of 18kDa that are up to several microns in size. Spots on the FT are easily
identified and sharp. The movement of the live-FT box shows that the lattice is continuous without mosaicity. The lattice of a larger protein with a
more extensive soluble domain can be identified on the small screen of the EM. CCD image collection and FT is necessary to provide a means
of better assessment and to gain information on, e.g., possible mosaicity (show FT). When calculating an FT of a proteoliposome that is not
ordered, noise can initially be mistaken for spots. While the box for the live-FT is moved, however, the spots will disappear. On the other hand,
small arrays, with questionable crystallinity, will have their spots remaining stationary when the live-FT is moved even slightly over the image
area. Furthermore, these small crystals can be recognized by usually having the same unit cell sizes, and distances between spots in different
FTs can be measured in various ways, such as with a circle of a specific size. Lipid crystals display a distinct lattice morphology and FT.

It is not uncommon to encounter precipitation in initial trials. Here protein precipitation without reconstitution needs to be distinguished from small
lipid aggregates though. Samples that appear to be precipitates at low magnification frequently turn out to be lipid aggregates when viewed
at higher magnification. Upon inspection at 30-50K, the edges of these dark structures reveal them to be composed of membranes with no
precipitation of the protein. These are important observations as the lipid aggregates might be increased in size to large membranes in the
following experiments.

Poor results in evaluating samples are sometimes connected to a low membrane concentration that prevents proper and fast screening. This can
frequently be overcome with the use of a higher protein concentration for 2D crystallization by dialysis. Alternatively, the membranes can be left
to settle for a few days at the bottom of the Eppendorf tube during storage. In some cases rapid, or almost instant settling of membranes occurs
and pipetting from the bottom of the tube will result in a higher membrane density on the grid. Another much faster option is centrifugation (at
3000-8000 rpm for 1-3 minutes) of samples with subsequent sampling from the bottom of the tube.

Samples under optimal conditions will contain a large percentage of 2D crystals. It is not necessary to aim for a homogeneous appearance of
membranes, as the largest and most well-ordered 2D crystals are selected visually for data collection. These types of samples will be easily
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recognized when the crystallization trials are repeated as well as when the samples are used for cryo-EM data collection, resulting in a maximum
number of high resolution images.

 

Figure 1. This figure shows blotting the edge of the grid with a torn piece of Whatman #4 filter paper.

Discussion

Proper evaluation of samples requires careful assessment of a sufficient number of membranes. For example, samples with as low as 2%
crystalline arrays out of over 180 imaged proteoliposomes gave critical information for quick optimization of 2D crystallization conditions 7.

When precipitation of the protein occurs, a grid might be abandoned from further screening after inspection at low magnification, although
occasional partial precipitation of protein occurs. Even very small membranes of less than 100 nm can give helpful information about order
though, and parameters to increase the 2D crystal size can be implemented in the following dialysis experiments.

Laboratories are in the process of introducing various degrees of promising automation into the process of screening 8,9. Yet samples will still
require steps of evaluation and knowledge of the 2D crystal size, morphology, and order as outlined here. In the future, it might become possible
to analyze data of increasingly smaller 2D crystals to higher resolution, making these screening steps and the more difficult evaluation of smaller
crystalline areas even more critical.
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