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Abstract

For biological samples showing a preferred orientation on the carbon support film of an electron
microscope (EM) grid, accurate three-dimensional (3D) reconstructions by single-particle cryo-
EM require data collection in which the specimen grids are tilted in the microscope, to obtain
adequate numbers of particles that cover the high-degree angular distribution. However, image
drift caused by the electron beam interacting with the cryo specimen becomes severe when grids
are tilted to high angles (> 30°). We produced deformed grids by applying a deliberate mechanical
deformation to EM grids containing a thin carbon film supported by a thick holey carbon film. We
applied cryo-EM using deformed grids to the isolated cardiac ryanodine receptor, an ion channel
complex known to assume a preferred orientation on the carbon support film. These grids
contained more particles having high Euler angle orientations without the need to tilt the specimen
grids. Meanwhile, the drifting that was apparent in the images was reduced from that typical of
images from tilted regular EM grids. This was achieved by imaging particles in holes close to the
deformed areas, where carbon films were locally bent, offering planes of inclination with various
angles. The deformed grids improve the efficiency and quality of data collection for single-
pahrticle cryo-EM of samples showing a limited range of orientations.
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Single-particle methods have been developed that allow three-dimensional (3D)
reconstructions to be determined from electron micrographs of isolated macromolecules.
Over the past 30 years, this methodology has been applied to numerous biological
macromolecules, such as proteins, RNAs, and macromolecular complexes and assemblies
(Frank, 2009). When preparing cryo-EM samples, a thin layer of continuous carbon support
film is commonly applied over holey carbon EM grids (Grassucci et al., 2007). The thin
carbon film improves the sample stability when exposed to the electron beam. In addition, it
allows accurate determination of the defocus value from the strong Thon rings in Fourier
space. However, some macromolecules have a preferred orientation on the carbon film, and
so to compute an accurate 3D reconstruction, specimen grids need to be tilted up to 50-60°
in the microscope to obtain particles that adequately cover the high-degree angular
distribution, regardless of which reconstruction method (random conical or projection
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matching) is used (Penczek et al., 1994; Radermacher et al., 1987). Electron crystallography
of two-dimensional crystals is another reconstruction technique in 3D cryo-EM that also
requires recording images and electron diffraction patterns at a series of tilted angles (up to
70°) (Walz and Grigorieff, 1998).

Unfortunately, tilting the cryo samples enhances the effect of charging, leading to an
apparent image drift problem. Charging is the buildup of electric charges on the layer of
vitreous ice, which is particularly problematic in the highly tilted (>30°) images, and results
in blurry, unusable images (Glaeser and Downing, 2004). Charging causes only a slight
change in focus but little or no image drifting in the low-tilt (<20°) images. For example, we
find that with our sample of ryanodine receptor (Meng et al., 2009), images of untilted
specimen are readily obtained, such that, typically, several hundred CCD images can be
acquired in about six hours and over 90% are useable for further image processing. This
number can be increased several-fold when automated data acquisition software is adopted
(Suloway et al., 2005). On the contrary, when grids are tilted above 30°, based on our
experience, less than 20% of the images can be used. Another problem accompanying tilted
specimens is reduced contrast in the images, which results from the increased thickness of
the ice layer. At 60° tilt, the ice thickness is effectively doubled.

It has been shown that image drifting can be reduced by a superfluid helium-cooled cryo-
EM stage (Fujiyoshi et al., 1991), by using titanium-silicon metal glass film (Rhinow and
Kihlbrandt, 2008) or doped silicon carbide nanocrystalline film (Yoshioka et al., 2010)
instead of carbon film, or applying an additional carbon film to the side of the ice layer
facing away from the primary carbon support on the grid (Gyobu et al., 2004). Previously,
trimming of the EM grids with a scalpel and bending them with tweezers was briefly
mentioned by Kihlbrandt and Unwin, and by Deatherage and colleagues as an aid to achieve
high tilt angles (Deatherage et al., 1983; Kiihlbrandt and Unwin, 1982). However, the
samples were either glucose-embedded or negatively stained for conventional EM, but not
frozen-hydrated for cryo-EM. To improve the quality of cryo-EM images and efficiency of
data collection, we are seeking an alternative and simple approach to obtain high angular
distributions of biological macromolecules that have a preferred orientation on the carbon
film, without the need to tilt the specimen grids. This is achieved by creating some small
areas with locally tilted carbon support films by mechanically deforming (wrinkling) the EM
grids, followed by adding sample solution to the grids, blotting, and plunging into liquid
ethane as in typical procedures (Grassucci et al., 2007). Since the wrinkled carbon support
films are formed before the macromolecules become embedded in the ice layer, the
thickness of the ice layer in the locally tilted carbon support films is similar to the ice layer
on those areas of the grid where carbon support film is flat. Moreover, particles with high
Euler angles can be imaged in these locally tilted carbon films. The procedure to produce
deformed EM grids is straightforward. We have made a mold that has ridges from an inner
surface of a tweezers tip. A pencil eraser (clean and flat) is used as a pressure plate. A
deformed grid is produced by pressing the pencil eraser on the EM grid, which is place over
the mold, as shown in Figure 1.

We were very cautious when blotting the grids to avoid the possibility of flattening the
locally deformed areas of the grids. We have tried: (1) blotting from the edge of the grids
with a torn edge of filter paper so as to avoid applying any pressure directly on the deformed
grids; (2) double-sided blotting using a homemade guillotine plunger with two soft cushion
pads layered underneath filter papers; (3) double-sided blotting using a Gatan CP3 semi-
automatic plunger with GentleBlot Technology (GentleBlot optimizes blotting force by
mean of adjustable blotting pressure for gentle and effective blotting), and we used the
lowest blotting pressure to avoid flattening the deformed grids. Nevertheless, methods (2)
and (3) still resulting in some flattening, but the results were more reproducible compared to
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method (1). Results shown below are mainly from the cryo deformed grids prepared with the
Gatan CP3 plunger. Roughly, we can find intact holey films in ~30% local highly tilted
areas.

Quantifoil grids (type 2/4 which have ~2 um circular holes and a spacing of ~4 wm between
the holes) were used to test for the presence of locally tilted carbon films: the holes in the
flat regions are circular in shape, whereas those from the wrinkled areas appear elliptical and
the local tilting angles can be determined from the ratio of the transverse and conjugate
diameters of the ellipses. We found that the majority of holes showed small changes in
shape, corresponding to tilting angles below 20°, but some areas had holes that tilted up to
60° (Figure 2). For images recorded in the holes with locally tilted carbon films, image
drifting was not completely eliminated but the fraction of usable images was improved. In
certain grids, 90% of CCD images were suitable for further analysis. We agree with others
that beam-induced movement due to charging is likely to be a major source of image
degradation for cryo-specimens, especially at high tilt angles (Downing et al., 2004; Glaeser
and Downing, 2004; Yoshioka et al., 2010). However, other factors, such as tilting of the
side-entry cryo-holder in the stage, can also introduce instability of the specimen and result
in image drifting. Using the deformed grids to avoid tilting the holder will completely
eliminate the image drifting cause by instability of the tilted cryo holder. The reason for
deformed grids improvement is not fully clear and needs further investigation, for example,
measuring the ice thickness in the locally tilted holes and in the untilted holes, measuring the
success rates in the locally low tilted holes and in locally high tilted holes. Nonetheless, it
showed that deformed grids could reduce image drifting and improve the success rate in data
collection of tilted images.

We collected two cryo-EM datasets of cardiac ryanodine receptor (RyR2) (Liu et al., 2002),
one using regular EM grids, and the other one use deformed EM grids. Both datasets were
imaged without tilting the specimen grids in the cryo-holder, and for deformed grids, images
were recorded in the holes with locally untilted or tilted carbon films. 3,756 and 3,573
particles were selected from regular EM grids and deformed EM grids, respectively.
Particles from both datasets were aligned to a set of reference projections that were
generated from a reference 3D volume. Since the RyR2 is a rotationally symmetric homo-
tetramer, 4-fold symmetry is usually applied in the image processing, and so the range of the
angle ¢ only needs to be between 0° and 90°, and thus the Euler angular distribution only
covers one quarter of the 3D sphere. The angular step of angle 6 was set to 10° in this test,
which resulted in 48 projection directions that were quasi-evenly spaced over one quarter of
the 3D sphere.

Figure 3 shows the angular distribution of aligned particles from the two datasets. The
diameters of the circles indicate the relative numbers of particles. Particles are clearly
distributed more toward higher Euler angles (= 30°) in the deformed grids compared to the
regular EM grids. The RyR2 has a preferred orientation on the carbon support film with
more than 70% of particles having orientations with Euler angles less than 30°, and only
~30% of the particles have orientation = 30° (Figure 3A). In contrast to regular EM grids,
the number of particles in each high angular direction (30°-90°) almost doubled for the
deformed EM grids, over 56% of the particles having an orientation with an Euler angles =
30° (Figure 3B).

To verify the quality of the particles in the deformed grids, we computed a 3D
reconstruction of RyR2 using the Spider/WEB software package (Frank et al., 1996). We
expanded the dataset to a total number of 9,189 particles, and a 3D reconstruction of RyR2
was computed from 7,155 particles (some particles with lower Euler angles were removed to
ensure that each view would be represented by almost equal numbers of particles). The
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resolution, 30 A, was measured by using the Fourier shell correlation criteria with a cutoff of
0.5 (Malhotra et al., 1998). For comparison, the same resolution was attained for our recent
published 3D reconstruction of RyR2 (Huang et al., 2012), which was computed from 7,102
particles, selected from a dataset of 23,566 particles so as to achieve roughly equal sampling
of the views. The images were collected with regular cryo-EM grids tilted in specimen
holder at 0°, 10°, 20°, 30°, 40°, and 50°. These results demonstrated that particles from
deformed grids and from regular grids are of similar quality, but the efficiency of data
collection using untilted deformed grids was improved. In addition, use of deformed grids
avoids oversampling of particles with lower Euler angles that results from using regular
grids.

In summary, we describe here a simple novel method to remodel EM grids by applying a
deliberate mechanical deformation using a simple homemade device. The deformed EM
grids can be used in cryo-EM data collection for biological samples that have a preferred
orientation on the carbon support film. Particles with high angular distributions are readily
obtained without tilting the specimen grids, and the image drifting is greatly reduced relative
to that which is typically present when regular EM grids are tilted.
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Figure 1. Set-up for producing deformed EM grid

(A). A mold is made from a tweezers tip, and a holey EM grid with a thin layer of carbon
support film is placed on the surface with ridges. A pencil eraser is used as a stamping tool.
A deformed grid is produced by applying pressure on the EM grid. (B) Picture of a
deformed EM grid taken on an Olympus dissecting microscope showing a wrinkled surface.
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Figure 2. Deformed EM grids have locally tilted carbon support films

A CCD image of a deformed Quantifoil grid captured on a FEI Tecnai F20 electron
microscope, showing that some of the circular holes appear elliptical due to localized tilting
of the carbon film. Numbers next to the holes are the local tilt angles determined from the
ratio of the transverse and conjugate diameters of the ellipses. Scale bar =5 pum.
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Figure 3. Deformed EM gridsincreased frequency of particles displaying high Euler angles
Plots of the Euler angle distribution of RyR2 particle orientations on regular holey EM grids
(A) and on deformed EM grids (B), particles (3,756 particles from regular grids, and 3,573
from deformed grids) are from images that were collected without tilting the specimen grids
in the microscope. Since the RyR2 is a homo-tetramer, 4-fold symmetry is usually applied
during image processing, and so the Euler angle distribution only covers one quarter of the
3D sphere. The diameters of the circles indicate the relative numbers of particles. More
particles are distributed toward high Euler angles (= 30°) in the deformed grids than in the
regular EM grids.
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