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Abstract We evaluated imaging plates (IPs) and the DITABIS Micron scanner for
their use in recording images of negatively stained single-particle spec-
imens and electron diffraction patterns of two-dimensional crystals. We
first established the optimal imaging and read-out conditions for images of
negatively stained single-particle specimens using the signal-to-noise ratio
of the images as the evaluation criterion. We found that images were best
recorded on IPs at a magnification of 67 000×, read out with a gain setting
of 20 000 and a laser power setting of 30% with subsequent binning over 2 ×
2 pixels. Our results show that for images of negatively stained specimens,
for which the resolution is limited to ∼20 Å, IPs are a good alternative
to EM film. We also compared IPs with a 2K × 2K Gatan charge-coupled
device (CCD) camera for their use in recording electron diffraction pat-
terns of sugar-embedded two-dimensional crystals. Diffraction patterns of
aquaporin-0 recorded on IPs and with the CCD camera showed reflections
beyond 3 Å and had similar RFriedel as well as Rmerge values. IPs can thus be
used to collect diffraction patterns, but CCD cameras are more convenient
and remain the best option for recording electron diffraction patterns.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Keywords imaging plates, negative staining, single-particle electron microscopy, two-
dimensional crystals, electron diffraction

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Received 28 April 2009, accepted 23 June 2009, online 30 July 2009
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Introduction

Photographic film is the traditional medium used
to record images in electron microscopy (EM). To
make such images available for computational pro-
cessing, the negatives have to be removed from the
microscope after exposure to the electron beam,
chemically developed and fixed, and digitized with a
scanner. For projects that require digital image pro-
cessing, the use of photographic film is thus tedious
and time-consuming, and the chemical processing of
the negatives adds additional variation to the data.
EM imaging has been revolutionized with the intro-
duction of charge-coupled device (CCD) cameras,

with which images can be recorded directly in dig-
ital format. The chips used in CCD cameras have be-
come increasingly bigger over time. While 8K × 8K
chips are now available, these are not widespread
due to their high cost. Chip sizes of 2K × 2K and
4K × 4K are sufficient, however, for many applica-
tions, and CCD cameras have now become the pre-
dominant recording medium for the collection of
electron tomographic tilt series and electron diffrac-
tion patterns. In contrast, the smaller size of im-
ages recorded with 2K × 2K or 4K × 4K CCD cam-
eras as compared to photographic film is a drawback
in single-particle EM studies, in which thousands
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or even tens of thousands of particles have to be
imaged.

Imaging plates (IPs) have also been evaluated as
an alternative to film and CCD cameras for record-
ing EM images. IPs have initially been developed for
medical applications, such as X-ray radiography [1],
but were later also used to collect X-ray diffraction
patterns in structural biology [2,3]. The first evalu-
ation of IPs for EM imaging was reported over 20
years ago [4,5]; improved designs for read-out de-
vices have been evaluated [6], and a commercial sys-
tem has become available. IPs use a layer of tiny
crystals to locally store high-energy radiation. The
crystals, consisting of doped barium fluoride, are em-
bedded in a blue resin. This energy-storing layer is
sandwiched between a protective layer on top and a
supporting polyester layer below. A thin metal plate
provides mechanical strength for the IPs. When ex-
posed to an electron beam, the electrons excite the
crystals to a semi-stable state. While the image in-
formation due to the excitation of the crystals de-
cays over the course of a few days, it is stable for
several hours. By illumination with a highly focused
red laser beam, the crystals can be excited again
and stimulated to release the stored information as
blue luminescence (390 nm). This signal is collected
with special confocal mirror optics, detected by a
photomultiplier tube, electronically amplified, and fi-
nally converted to a digital value. The intensity of the
blue light directly correlates with the electron dose
received during imaging under the electron micro-
scope. Since both the recording and read-out pro-
cesses are fully reversible, IPs can be used many
times without deterioration of the image quality. Ex-
posure to white light for ∼15 min causes all the
stored excitation to be released and is done to re-
generate the IPs between uses.

IPs have properties that make them an interesting
alternative to EM film. As the excitation is stored
within the crystal luminescence centers of the IPs,
the number of available storage cells is virtually
unlimited. IPs are thus never saturated under the
imaging conditions used in EM and their dynamic
range is only limited by the read-out device. The blue
color of the resin absorbs the red laser light while
perfectly transmitting the blue luminescence signal.
These features, in combination with the highly fo-
cused laser beam, which has a spot diameter of

∼5 μm, yield highly localized information. Accord-
ing to the manufacturer, the sensitivity of IPs is
also about 10 times higher than that of EM film,
because each electron produces a number of pho-
tons (http://www.ditabis.de/iptech/iptech.html). The
number of produced photons shows good linearity
with the electron dose. The linearity and wide dy-
namic range of IPs make them a particularly promis-
ing medium for recording electron diffraction pat-
terns of two-dimensional (2D) crystals.

IPs are used in the same way as photographic film.
They are loaded into the camera, exposed in the
electron microscope and then removed from the in-
strument. IPs do not have to be chemically devel-
oped, however, making them more environmentally
friendly. In addition, IPs can be loaded into the cam-
era in the presence of light, making them more con-
venient to use than EM film, and their life-time is
only limited by physical damage, making them also
a cheaper imaging solution than EM film. While IPs
do not need to be developed, they have to be read
out with a scanner, similar to the digitization of de-
veloped EM films. The image is thus not immediately
available as in the case of CCD cameras, but the ad-
ditional time needed to read out the IPs is some-
what compensated by the larger image area, approxi-
mately the same as that of EM film, particularly when
compared to CCD cameras with only a 2K × 2K chip.

A very careful comparison of the properties of
IPs with those of EM film and CCD cameras has
already been published [7]. The intent of this pa-
per is to share our findings in optimizing the prac-
tical use of the commercially available IP system
from DITABIS Digital Biomedical Imaging System
AG (Pforzheim, Germany). In particular, we describe
our results in the use of the commercially available
IPs to record images of negatively stained single-
particle specimens and electron diffraction patterns
of sugar-embedded 2D crystals. We also report the
imaging and scanning conditions that gave the best
results for such studies.

Materials and methods

Protein samples and specimen preparation

Human diferric transferrin–transferrin receptor (Tf–
TfR) complex was prepared as described in [8]
and the 20S proteasome from Thermoplasma
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acidophilum was prepared as described in [9]. The
protein preparations were negatively stained as de-
scribed in [10].

Double-layered aquaporin-0 (AQP0) 2D crystals
were prepared as described in [11], except that the
crystals were produced with E. coli polar lipids
(Avanti, Alabaster, AL) rather than dimyristoyl phos-
phatidyl choline. Samples were prepared for EM by
mixing crystals with an equal volume of 20% glu-
cose and applying the mixture to a molybdenum grid
covered with a thin carbon film. Grids were blotted
to remove excess material, transferred to the elec-
tron microscope using a cryo-specimen holder, and
cooled to liquid nitrogen temperature prior to data
collection.

Electron microscopy and image processing

Images of negatively stained specimens were col-
lected with an FEI Tecnai T12 electron microscope
operated at an acceleration voltage of 120 kV. Im-
ages were recorded from the same specimen area
on Kodak SO-163 film at a magnification of 52 000×
and on IPs at magnifications of 30 000×, 67 000× and
110 000×. All images were recorded under strict low-
dose conditions (15 electrons Å−2). Electron diffrac-
tion patterns of double-layered AQP0 2D crystals
were collected with an FEI Tecnai F20 electron mi-
croscope equipped with a field emission gun and op-
erated at an acceleration voltage of 200 kV as previ-
ously described [11]. Diffraction patterns of untilted
2D crystals were recorded for 30 s on IPs and with a
2K × 2K CCD camera (Gatan Megascan 795, 30 μm
pixel size) using a camera length of 3000 mm and a
selected area aperture of 70 μm.

Images recorded on EM film were developed for 12
min in a full-strength Kodak D-19 developer at 20◦C.
The IP system used in this study is commercially
available from DITABIS Digital Biomedical Imaging
System AG (Pforzheim, Germany). It consists of IPs
that are loaded into the film holders and then into
the EM camera, the DITABIS Micron scanner used
to read out the data from the IPs (the scanner used
in this study has a minimum step size of 15 μm)
and a light box used to erase the IPs (supplementary
Fig. 1, available at http://jmicro.oxfordjournals.org/).
IPs were scanned with different combinations of
gain and laser power settings to optimize the read-

out conditions. The optimized gain and laser power
settings were then used to evaluate the best combi-
nation of EM magnification and pixel binning.

Boxer, part of the EMAN software package [12],
was used to interactively select the particles from the
images taken on IPs at a magnification of 110 000×.
The coordinates were then converted and used to
select exactly the same particles from the images
taken on IPs at different magnifications and the
images taken on film. The SPIDER software pack-
age [13] was used to calculate class averages over
10 cycles of multi-reference alignment and K-means
classification.

The performance of IPs compared to film was
evaluated based on the signal-to-noise ratio (SNR)
rather than the modulation transfer function (MTF)
or detective quantum efficiency (DQE). The same ap-
proach was used before to evaluate the performance
of a 4K × 4K CCD camera [14]. Curves of the SNR
were generated using the program CTFIT, which is
part of the EMAN package [12]. Briefly, all the boxed
particles from an image were used to calculate an av-
erage power spectrum, and the circularly averaged
Fourier intensity was plotted with the program CT-
FIT. In parallel, the contrast transfer function (CTF)
curve was simulated by adjusting the background
noise, amplitude contrast, defocus value, and exper-
imental B factor to produce the best visual fit with
the experimental curve [15]. The SNR was then cal-
culated as

SNR = CTF2(s)E2(s)/N2(s),

where CTF is the contrast transfer function, E is the
estimated overall amplitude decay function (envelop
function) for a given electron micrograph, N is the
background (noise) level derived from the four pa-
rameters in CTFIT [12,15] and s is the spatial fre-
quency. The envelop function E and the experimen-
tal factor B are related by the equation [15]

E(s) = e−Bs2

Only the peak after the first zero transition in the
one-dimensional power spectrum was used to fit the
simulated curve to the experimental data. Therefore,
only this peak (in the resolution range between 22 Å
and 14 Å) was considered for the comparison of
SNR curves from different images. For all images
(except images recorded on IPs at 30 000× without
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binning), the simulated curves could be fit well to
the experimental data (supplementary Fig. 2, avail-
able at http://jmicro.oxfordjournals.org/), suggesting
that the derived estimates for the SNRs should pro-
vide a reliable criterion for the image quality.

The electron diffraction patterns recorded with
the CCD camera were processed using the program
XDP [16] according to established protocols. Diffrac-
tion patterns recorded on IPs were recorded from
the same sample using the same electron dose. IPs
were scanned with the DITABIS Micron scanner us-
ing gain and laser power settings of 10 000 and 30%,
respectively. The IPs were scanned using two data
channels, which generate two 16-bit images with one
image being read out with a 33-fold higher gain set-
ting. The two images were then automatically com-
bined into a single, high-dynamic-range 32-bit image.
The scanned images with a size of 5744 × 5066 pix-
els, corresponding to the entire imaging area of the
IP, were then cropped to 4096 × 4096 pixels and
converted to a 16-bit image prior to processing in
XDP. Intensities were extracted from ∼80 diffrac-
tion patterns recorded on each medium. The best
12 diffraction patterns of each data set (15%), as
judged by their RFriedel values and data completeness,
were merged without tilt angle refinement using the
MRC programs [17]. After merging to 3 Å resolu-
tion, only the seven diffraction patterns (8.8%) with
the lowest Rmerge values were kept in the final data
set.

Results

Optimization of the read-out conditions

In addition to the pixel size used for digitization,
which depends on the used scanner and is usually
set to the smallest available size, two major param-
eters control the quality of images read out with
the DITABIS imaging plate scanner: the gain setting,
which determines how many counts are created for
a given electron dose and the laser power setting.
Scanning of IPs with a laser power setting of 100%
will produce the highest signal. However, the re-
flected light will also reach its maximum value with
the laser power set at 100%, causing an increase in
the noise level of the images. Furthermore, accord-
ing to the manufacturer, correction for the reflected
light works better at lower laser power settings.

Fig. 1. Influence of the gain and laser power settings used to read out
IPs on the SNR of the images. Each column represents the mean SNR
for sets of five images scanned with the same combination of gain (G)
and laser power (L) settings. The error bars indicate the standard de-
viations. One of the five images read out with a gain setting of 10 000
and a laser power setting of 30% showed a very low SNR compared
to the other images in the same group, resulting in an unusually high
standard deviation (G10000, L30). Removal of this image reduced the
standard deviation (G10000, L30∗).

Finally, gain and laser power settings affect each
other. We therefore tested different gain and laser
power settings to identify the combination that
yields the highest quality of digital images, i.e. im-
ages with the highest SNR. As test images, we used
images of the negatively stained Tf–TfR complex.
The images were recorded on IPs with the same EM
settings that we routinely use to collect images on
photographic film (acceleration voltage of 120 kV,
defocus of −1.5 μm, electron dose of 15 electrons
Å−2). In our laboratory, we routinely collect images
on film at a magnification of 52 000×, scan them with
a step size of 7 μm with our Zeiss SCAI scanner and
then average 3 × 3 pixels, resulting in a pixel size of
4.04 Å. To obtain a comparable pixel size with IPs,
we recorded the images on IPs at a magnification of
67 000×, read them out with a step size of 15 μm (the
smallest step available on our DITABIS Micron scan-
ner) and binned the images over 2 × 2 pixels to pro-
duce a pixel size of 4.48 Å.

To optimize the scan parameters, we tested gain
settings of 20 000, 15 000 and 10 000 and laser power
settings of 100%, 50% and 30%. For each combination,
five images were scanned using a single 16-bit data
channel and used to calculate spectral SNR curves
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Fig. 2. Class averages obtained with images of the same specimen areas recorded on film and on imaging plates at different magnifications and
using different binnings. (a–e) 20S proteasome recorded first on film at 52 000× with a binning of 3 (a), then on IPs at 30 000× without binning
(b), then on IPs at 67 000× with a binning of 2 (c), then on IPs at 110 000× with a binning of 3 (d) and finally on film again at 52 000× with a
binning of 3 (e). The side length of the individual class averages is 38.8 nm (a and e), 48 nm (b), 43 nm (c) and 39.3 nm (d). (f–j) Tf–TfR complex
recorded first on film at 52 000× with a binning of 3 (f), then on IPs at 30 000× without binning (g), then on IPs at 67 000× with a binning of
2 (h), then on IPs at 110 000× with a binning of 3 (i), and finally on film again at 52 000× with a binning of 3 (j). The side length of the individual
class averages is 25.9 nm (f and j), 32 nm (g), 28.7 nm (h) and 26.2 nm (i). All the class averages in panels (a)–(e) and panels (f)–(j) contain the
same particles. The particles appear bright on a dark background.
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Fig. 3. Influence of the imaging conditions on the SNR of the im-
ages. The columns represent the mean SNRs of images of 20S protea-
some and Tf–TfR complex obtained under the various imaging con-
ditions. The error bars indicate the standard deviations. The data are
presented in the order in which the data were acquired: first on film
at 52 000× with a binning of 3 (film, 52k, first exp.), then on IPs at
67 000× with a binning of 2 (IP, 67k), then on IPs at 110 000× with a
binning of 3 (IP, 110k) and finally on film again at 52 000× with a bin-
ning of 3 (film, 52k, last exp.). Images taken on IPs at 30 000× without
binning were too noisy to be analyzed and are therefore not shown in
this graph.

(representative curves are shown in supplementary
Fig. 3, available at http://jmicro.oxfordjournals.org/).
Figure 1 shows the SNR variations between sets of
images read out with the various scan settings. For
gain settings of 20 000 and 15 000, the best SNRs were
consistently obtained with a laser power setting of
30%, while the best SNR for a gain setting of 10 000
was obtained with a laser power setting of 50%. One
of the images read out with a gain setting of 10 000
and a laser power setting of 30% showed an unusu-
ally low SNR. Including this image in the calculation
resulted in a lower mean SNR and a larger standard
deviation (Fig. 1, G10000 + L30). These values be-
came more comparable to the other conditions, how-
ever, when this particular image was excluded from
the calculation (Fig. 1, G10000 + L30∗). Comparison
of the mean SNRs shows that under our imaging con-
ditions, the highest SNR was obtained with the high-
est gain and the lowest laser power that we tested
(Fig. 1, G20000 + L30). Based on these results, a gain
of 20 000 and a laser power of 30% were chosen as
the default settings for reading out IP images of neg-
atively stained single particles.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Imaging conditions

Imaging 1 2 3 4 5

sequence

Recording EM film IP IP IP EM film
medium

Magnification 52 000× 30 000× 67 000× 110 000× 52 000×
Scanning step 7 15 15 15 7

size (μm)
Binning 3 × 3 – 2 × 2 3 × 3 3 × 3
Pixel size of the 4.04 5.00 4.48 4.09 4.04

final image (Å)

Optimization of imaging magnification and pixel

binning

As stated above, we typically record images of neg-
atively stained specimens with a Tecnai T12 elec-
tron microscope (Cs = 2 mm) at an acceleration volt-
age of 120 kV and a magnification of 52 000× with a
defocus value of about −1.5 μm. These conditions
bring the first zero transition of the CTF to a spa-
tial frequency of about 1/(20 Å), which is approxi-
mately the resolution limit introduced by the neg-
ative stain. The negatives are then scanned with a
Zeiss scanner using a step size of 7 μm, and 3 ×
3 pixels are subsequently averaged to produce a final
pixel size of 4.04 Å on the specimen level. To com-
pare the quality of the IP images in terms of SNR,
we chose the EM magnification and binning that
would generate approximately the same final pixel
size. The EM magnification and binning we chose
were 30 000× with no binning (pixel size of 5.0 Å),
67 000× with 2 × 2 binning (pixel size of 4.48 Å) and
110 000× with 3 × 3 binning (pixel size of 4.09 Å) (Ta-
ble 1). As test specimens, we used negatively stained
20S proteasome and Tf–TfR complex. First, an image
was taken on photographic film at 52 000×, then the
same specimen area was imaged on the IP at mag-
nifications of 30 000×, 67 000× and 110 000×, before
imaging the specimen again on photographic film
at 52 000× (photographic film and IPs were loaded
into the camera in this order). After scanning and
binning of the images, particles were interactively
selected from the images taken at 110 000× on the
IP (5096 Tf–TfR complex particles from 20 images
and 1190 20S proteasome particles from 22 images).
These coordinates were converted to select the same
particles from the images taken under other imag-
ing conditions. The particles in each data set were
aligned and classified into 50 classes. Supplementary
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Fig. 4. Electron diffraction patterns of double-layered aquaporin-0 2D crystals recorded on IPs and with a CCD camera. (a) Electron diffraction
pattern recorded on a Gatan 2K × 2K CCD camera using a beam stop. (b) Electron diffraction pattern recorded on an IP without beam stop.
(c) Electron diffraction pattern shown in panel (a) after background subtraction. The (9, 20) reflection is circled (∼3.0 Å). (d) Electron diffrac-
tion pattern shown in panel (b) after background subtraction. The (3, 23) reflection is circled (∼2.9 Å).

Fig. 4 (available at http://jmicro.oxfordjournals.org/)
shows representative image areas and Fig. 2 shows
class averages obtained under the different imag-
ing conditions. Visually, there is little difference be-
tween the different imaging conditions, with the
exception of the IP images recorded at 30 000× with-
out binning. Under these imaging conditions, the raw
images appeared blurrier and the averages showed
less clear fine structure. To assess the quality of
the images in a more quantitative way, we calcu-
lated spectral SNR curves for all the images, except
for those taken at 30 000× with no binning (repre-
sentative SNR curves are shown in supplementary

Fig. 5, available at http://jmicro.oxfordjournals.org/).
The noise level in these images was so high that no
signal was discernable after the first zero transition
in the one-dimensional power spectrum, which made
it impossible to reliably fit CTF curves and to deter-
mine the SNRs. Figure 3 shows the mean SNRs and
standard deviations for the sets of recorded images.
Under the used imaging conditions, both data sets
recorded on photographic film, the first and the last
images taken in each series, show the best SNR val-
ues, with the last images displaying a better SNR than
the first images. Comparison of the images recorded
on IPs show that images taken at a magnification of
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67 000× with 2-fold binning have significantly bet-
ter SNRs than those taken at 110 000× with 3-fold
binning.

Electron diffraction

The quality of electron diffraction patterns recorded
on IPs and with a CCD camera were compared us-
ing double-layered AQP0 2D crystals as a test spec-
imen. Similar crystals have previously been used to
determine the atomic structure of AQP0 [11,18]. The
patterns recorded with the CCD camera were 2048 ×
2048 pixels in size, the dimensions of the actual CCD
chip, and a beam stop was used to prevent damage
to the CCD chip by the direct beam. A representative
diffraction pattern collected with the CCD camera is
shown in Fig. 4a. With a camera length of 3000 mm,
the edge of the diffraction pattern corresponds to a
resolution of ∼3 Å (Fig. 4c). In the case of IPs, the
scanner rather than the size of the plates determines
the dimensions of the read-out diffraction patterns.
With a step size of 15 μm, the size of a diffraction pat-
tern is 5744 × 5066 pixels. Although we cropped the
diffraction patterns to 4096 × 4096, the maximum file
size that can be processed with current software, the
size of the diffraction pattern recorded on IPs was
four times the size of those recorded with the 2K ×
2K CCD camera. Since IPs cannot be oversaturated,
no beam stop was used to record diffraction patterns
on IPs. A representative diffraction pattern collected
on an IP is shown in Fig. 4b. With a camera length of
3000 mm, the edge of the diffraction pattern corre-
sponds to a resolution of ∼2.5 Å (Fig. 4d).

After background subtraction, diffraction spots be-
yond 3 Å resolution could be seen in diffraction
patterns recorded both on IPs and with the CCD
camera (circles in Fig. 4c and d). The merging statis-
tics from the best seven diffraction patterns are pre-
sented in Table 2. The mean RFriedel and Rmerge values
are similar for the patterns recorded on the two me-
dia (10.8% and 22.9% for the CCD camera and 10.5%
and 23.3% for IPs, respectively). However, the Rmerge

values vary over a much larger range for diffraction
patterns recorded on IPs, suggesting that there may
be more noise in diffraction patterns recorded on
IPs. In addition, although part of the diffraction pat-
tern is obstructed by the beam stop in diffraction pat-
terns collected with the CCD camera, ∼100 (∼19%)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Merging statistics for electron diffraction patterns recorded
on IPs and with a 2K × 2K CCD camera

Diffraction pattern Rmerge RFriedel Reflections

indexed

IP000008 0.179 0.104 551
IP000034 0.213 0.087 604
IP000042 0.230 0.103 497
IP000049 0.214 0.114 504
IP000050 0.241 0.099 524
IP000071 0.293 0.120 521
IP000075 0.283 0.110 529
IP average 0.232 0.105 533
Standard deviation 0.040 0.010 35.9

CCD000006 0.217 0.086 713
CCD000041 0.234 0.128 698
CCD000042 0.217 0.109 640
CCD000043 0.214 0.164 570
CCD000044 0.256 0.095 638
CCD000051 0.230 0.103 609
CCD000052 0.229 0.077 582
CCD average 0.229 0.108 636
Standard deviation 0.015 0.027 54.5

more reflection intensities could be extracted from
these patterns than from those recorded on IPs.

Discussion

Based on the superior properties of IPs stated by
the manufacturer, IPs would have the potential to
be ideal for collecting electron microscopic data.
Our results indicate, however, that this is not the
case under the imaging conditions we used in this
study. Nevertheless, under the appropriate imaging
and read-out conditions, images of negatively stained
single particles taken on IPs are of a quality compara-
ble to that of images recorded on photographic film.

Use of IPs for imaging negatively stained single

particles

Under the conditions we use to image negatively
stained single particles, images recorded on film and
digitized and binned to yield a pixel size of 4.04 Å had
better SNRs than any of the images recorded on IPs
and read out and binned to yield a comparable pixel
size (Fig. 3).

Although negatively stained specimens are not as
sensitive to radiation damage as unstained speci-
mens, we were concerned that the multiple expo-
sures of the same specimen area that was needed
to evaluate the various recording conditions might
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influence the results. We therefore collected images
on film twice; one image was taken as the first expo-
sure of the specimen area and one as the last (fifth)
exposure. The class averages obtained with the par-
ticles selected from the last images appeared to have
slightly more contrast but to display less fine struc-
ture (compare Fig. 2e with a and Fig. 2j with f). The
loss in fine structure may be the result of beam dam-
age, whereas the slight increase in contrast may re-
flect beam-induced redistribution of the stain [19].
The increase in contrast in the class averages is also
reflected in the SNR analysis, which showed that
the images taken last had higher SNRs than those
taken first in an image set of the same specimen area
(Fig. 3). The increase in the SNR with accumulated
electron dose may not only be due to stain redistri-
bution but may also reflect other effects, such as the
burning off of impurities or increasing stability of the
specimen holder over time. Regardless of the reason,
the increase in the SNR between the first and last
exposure recorded on film proves that the lower
SNRs seen in images recorded on IPs (two to four ex-
posures) does not result from the accumulated elec-
tron dose or the resulting increase in beam damage.

Images of the 20S proteasome have consistently
higher SNRs than those of the Tf–TfR complex
(Fig. 3). This difference may be the result of the
different image sizes (the larger proteasomes were
windowed into 96 × 96 pixel images, whereas the
smaller Tf–TfR complexes were windowed into 64
× 64 pixel images) and/or a difference in the ratio
between the particle and carbon film. Despite this
difference, the SNRs were consistent with respect
to the imaging conditions with the images on film
having the highest SNRs, followed by the images
recorded on IPs at 67 000× with 2 × 2 binning and the
images recorded on IPs at 110 000× with 3 × 3 bin-
ning (the SNR of images recorded on IPs at 30 000×
without binning could not be determined).

We determined that the best conditions to im-
age negatively stained particles is a magnification of
67 000× combined with a binning of 2 × 2 pixels,
but the SNR of these images is still not as good as
that of images recorded on film. For samples with a
low inherent contrast, such as single particles in vit-
rified ice, for which the image contrast has to be as
high as possible, IPs do not appear to be a viable re-
placement for EM film. For samples with a high in-

herent contrast, however, a small decrease in the im-
age contrast is tolerable. IPs can thus be used instead
of EM film to record images of negatively stained
specimens, especially since the negative stain limits
the achievable resolution to ∼20 Å in any case. The
comparable quality of the class averages obtained
from images recorded on film and IPs corroborates
this conclusion (compare Fig. 2c with a and Fig. 2h
with f). Indeed, we have now calculated 2D aver-
ages and 3D reconstructions of several negatively
stained molecules using data collected on imaging
plates [20,21]. Most notably, a single-particle 3D re-
construction of human interferon α2 bound to the
ectodomains of its two receptors ifnar1 and ifnar2,
a complex only ∼100 kDa in size, resolved all the in-
dividual domains and made it possible to interpret
the density map based on known atomic structures
of the subunits [22]. These results confirm that im-
ages recorded on IPs are suitable for single-particle
EM studies of negatively stained specimens.

It is worth to note that the currently available CCD
cameras produce images with an excellent SNR that
is comparable to that of images recorded on photo-
graphic film, even at a resolution of half the Nyquist
frequency [14]. Although we did not directly com-
pare the quality of images recorded with IPs and a
CCD camera, comparison of our data with data pub-
lished by Booth and co-workers [14] indicates that
images recorded with a CCD camera have a better
SNR than images recorded on IPs. The total number
of pixels of a 4K × 4K CCD image is ∼60% of those
in an IP image, which means that two 4K × 4K CCD
images will contain the same number of particles as
one IP image.

Use of IPs for collecting electron diffraction

patterns

Our analysis of electron diffraction patterns col-
lected on IPs and with a 2K × 2K CCD camera shows
that the quality of the two data sets is very similar
(Table 2). We did not optimize the read-out settings
for electron diffraction patterns recorded on IPs. We
read the IPs out with laser power and gain settings
of 30% and 10 000, respectively, but we used the two-
channel mode. In this mode, a second channel reads
out another image with a 33-fold higher gain. The two
16-bit images are then automatically combined into
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a single, high-dynamic-range 32-bit image, ensuring
that spots ranging from very weak to very strong in-
tensity are properly read out.

The number of pixels available on the detec-
tor directly influences the resolution that can be
accurately measured during data collection and pro-
cessing. The maximum recorded resolution can be
increased by decreasing the camera length of the mi-
croscope. The size of the array, however, is fixed
resulting in decreased spacing between adjacent re-
flections. Proper spacing between reflections is nec-
essary to accurately measure their intensities, par-
ticularly when they are smeared as is often the case
in diffraction patterns of highly tilted samples. 2D
crystals of AQP0 have a unit cell of a = b = 65.5 Å,
which we have found allows accurate data collection
to ∼3 Å using a 2K × 2K CCD camera [11] (Fig. 4c).
Diffraction patterns of AQP0 2D crystals collected on
IPs with similar spacing between reflections allowed
data collection to better than 2.5 Å due to the larger
number of pixels (Fig. 4d). This batch of 2D crystals
did not appreciably diffract beyond 3 Å, so the size
of the detector was not an impediment to data collec-
tion. In the case of crystals that diffract to higher res-
olution, such as previous batches of AQP0 2D crys-
tals [18] or those that have a large unit cell (>100 Å),
a 2K × 2K CCD camera would be insufficient for data
collection. In this case, IPs could be helpful if a CCD
camera with a larger chip is not available.

In contrast to CCD cameras, IPs do not require a
beam stop to be used for the recording of diffraction
patterns, which blocks out the low-resolution reflec-
tions and a band of reflections through the entire res-
olution range (compare Fig. 4a with c). Furthermore,
the high linearity of the IPs should make it possible
to also precisely read out the very high intensities of
the very low resolution reflections. We therefore ex-
pected to measure more reflections from diffraction
patterns recorded on IPs than from those recorded
with the CCD camera. We found, however, that the
opposite was true and that we measured about 19%
fewer reflections from diffraction patterns recorded
on IPs than from those recorded with the CCD cam-
era (Table 2). One reason is that we were not able to
reliably measure the intensities of the very low res-
olution reflections due to the very asymmetric back-
ground at low resolution caused by the inelastic scat-
tering. This issue resulted in large differences in the

intensities between Friedel pairs. The very low reso-
lution spots, although not blocked out by the beam
stop, thus had to be excluded from further process-
ing. In addition, the CCD camera was normalized
prior to data acquisition, while each of the individ-
ual IPs might have slight local differences that are
not removed prior to data acquisition. Such local dif-
ferences would result in differences in the intensities
of Friedel pairs, which would then be removed from
further processing.

Concluding remarks

Considering the convenience of collecting images
with a CCD camera, a 4K × 4K CCD camera may
be the best choice to collect images of negatively
stained specimens for single-particle analysis. Nev-
ertheless, using IPs is more efficient than using a
2K × 2K CCD camera, and, while delivering im-
ages of comparable quality, IPs are less expensive
and more environmentally friendly than photo-
graphic film. IPs can also be used to record elec-
tron diffraction patterns, but fewer reflections can
be measured from each pattern compared to pat-
terns recorded with a CCD camera and since IPs
have to be read out, CCD cameras are more conve-
nient for data collection. CCD cameras thus remain
the ideal recording medium for electron diffraction
patterns.

Because the relative performance of film and IPs
varies with different acceleration voltages and elec-
tron doses [7,23], we should point out that our results
only apply to the recording conditions described in
this manuscript.
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