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Abstract

The K2 Summit camera was initially the only commercially available direct electron detection
camera that was optimized for high-speed counting of primary electrons and was also the only one
that implemented centroiding so that the resolution of the camera can be extended beyond the
Nyquist limit set by the physical pixel size. In this study, we used well-characterized two-
dimensional crystals of the membrane protein aquaporin-0 to characterize the performance of the
camera below and beyond the physical Nyquist limit and to measure the influence of electron dose
rate on image amplitudes and phases.
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Introduction

One of the most exciting technological breakthroughs in cryo-electron microscopy (cryo-
EM) in recent years has been the development and application of complementary metal-
oxide-semiconductor (CMOS)-based direct electron detection device (DDD) cameras
(Farugi and McMullan, 2011). The detective quantum efficiency (DQE) of these cameras is
significantly higher, at both low and high spatial frequency, than those of the more
traditionally used image recording media, photographic film and scintillator-based digital
cameras such as charge-coupled device (CCD) cameras (Li et al., 2013a; McMullan et al.,
2009a; McMullan et al., 2009b). A number of recent studies have characterized DDD
cameras and demonstrated that these cameras are superb for high-resolution cryo-EM
(Bammes et al., 2012; Li et al., 2013a; McMullan et al., 2009a; Milazzo et al., 2011; Ruskin
et al., 2013). The high DQE at high spatial frequency helps retain high-resolution
information while the high DQE at low spatial frequency improves the image contrast
needed for particle detection and alignment. The improved DQE makes it possible to record
images of frozen-hydrated biological samples with sufficient contrast using a smaller
defocus than previously required for imaging on photographic film or scintillator-based
cameras. The high output frame rate of DDD cameras also enables recording of dose-
fractionated image stacks (movies), and the correction of motion-induced image blurring
(Bai et al., 2013; Campbell et al., 2012; Li et al., 2013a). The application of DDD cameras
and the associated dose-fractionation movie technology has resulted in a number of high-
resolution single-particle cryo-EM three-dimensional (3D) reconstructions at near-atomic
resolution (e.g., Allegretti et al., 2014; Amunts et al., 2014; Campbell et al., 2012; Li et al.,
2013a; Li et al., 2013b; Liao et al., 2013).

Among several commercially available DDD cameras, the K2 Summit camera from Gatan
was the first one that had the capability of counting individual electron events in a practical
manner (Li et al., 2013a). By identifying primary electron events, the electron counting
process nearly doubles low-resolution DQE (Li et al., 2013a). It also removes Landau noise,
which is generated from the statistical deposition of energy by the primary electrons.
Counting also eliminates the readout noise and therefore, there is no penalty when the total
dose is fractionated into multiple subframes. The signal cluster of each primary electron
event can be further analyzed to identify its centroid, allowing its entry point to be assigned
to a quadrant of the physical pixel. While the principle of centroiding is the same as the
method used in light microscopy (Shroff et al., 2007), the exact algorithm used by the K2
Summit camera is proprietary information. However, much of the key behavior was deduced
by direct analysis (Li et al., 2013b). In such super-resolution images, the effective Nyquist
frequency is extended to twice the physical Nyquist frequency of the camera, thereby
reducing aliasing. Counting and centroiding result in a significant improvement in image
quality and resolution. For a detailed comparison of the K2 camera with other currently
available DDD cameras, see Ruskin et al. (2013) and McMullan et al. (2014).

A potential drawback of a counting camera is that the usable dose rate on the camera is
limited by coincidence loss, i.e., when more than one electron strikes the same pixel or
neighboring pixels in the same frame, only one is counted and the additional electrons are
ignored. While the K2 camera has a very high internal frame rate (400 frames/s),
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coincidence loss becomes significant at dose rates above ~ 8 e-/pixel/s (Li et al., 2013a).
Counting images have now resulted in numerous 3D maps at near-atomic resolution
including the recent map of p-galactosidase at a nominal resolution of 2.2 A (Bartesaghi et
al., 2015), but the data have largely been recorded under conditions for which the obtained
resolutions are not substantially better than the physical Nyquist of the camera. Thus, it is
not clear if the centroiding operation accurately preserves image amplitude and phase
information.

In this work, we used two-dimensional (2D) crystals of aquaporin-0 (AQPO) as a test
specimen to further characterize the influence of dose rate and centroiding on image phases
and amplitudes, particularly beyond the physical Nyquist frequency. We recorded images of
2D crystals at different magnifications and different dose rates. Phase errors from merging
the images recorded under different conditions provide a quantitative measure to assess the
influence of dose rate and centroiding on image phases. We demonstrate that imaging with
the K2 Summit camera operated in super-resolution mode does not increase the phase error
of merged reflections, suggesting that the phase error introduced by centroiding and
coincidence loss at low dose rates, if there is any, is sufficiently small and tolerable for high-
resolution imaging. We find, however, that in images recorded at high dose rates in super-
resolution mode, coincidence loss results in large amplitude errors in the low-resolution
range (Li et al., 2013b). (This is likely also the case for images recorded at high dose rates in
counting mode).

Centroiding quadruples the total number of physical pixels of the camera. A global motion
correction algorithm can correct beam-induced motion with sub-physical pixel precision and
restore image resolution (measured by amplitude) to beyond the physical Nyquist frequency
(Lietal., 2013a). Although the DQE drops significantly beyond the physical Nyquist
frequency, the use of super-resolution pixels could potentially further increase the efficiency
of cryo-EM data acquisition. While there may be other factors that limit the resolution of
single-particle cryo-EM images recorded at low magnification, we demonstrate here that
images of 2D crystals recorded with the K2 Summit camera preserve phase information to
near the super-resolution Nyquist frequency. Furthermore, we performed dose fractionation
experiments to investigate if the loss of structural integrity of AQPO crystals due to
radiolysis under the electron beam depends on the timing of the fractional doses.

Materials and Methods

Preparation of AQPO 2D crystals

AQPO was purified and crystallized as described previously (Gonen et al., 2004). Briefly,
membranes were isolated from the core of sheep lenses (purchased from Wolverine Packing
Company, Detroit, MI), washed, and solubilized with 4% (w/v) n-octyl-p,D-glucoside (OG)
(Affymetrix). The insoluble fraction was removed by centrifugation at 300,000 g for 45 min
at 4°C, and the supernatant was run over a MonoQ ion-exchange column (GE Healthcare).
Bound proteins were eluted with 150 mM NacCl in 1.2% (w/v) OG and 10 mM Tris-Cl, pH
8.0. Peak fractions were pooled and run over a Superose 12 column (GE Healthcare) in
1.2% (w/v) OG, 10 mM Tris-HCI, pH 8.0, and 100 mM NacCl. Purified AQPO was first
mixed with a 1:2 (mol/mol) mixture of sphingomyelin and cholesterol (Avanti Polar Lipids)
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at a lipid-to-protein ratio (LPR) of 0.2 or with a 4:1 (w/w) mixture of dimyristoyl
phosphatidylethanolamine (DMPE) and dimyristoyl phosphatidylglycerol (DMPG) (Avanti
Polar Lipids) at an LPR of 0.6. Both mixtures were dialyzed against 10 mM MES, pH 6.0,
30 mM MgCl,, 100 mM NacCl, and 0.05% NaN3 at 37°C for one week with daily buffer
exchanges.

Grid preparation and data collection

AQPO 2D crystals were prepared on molybdenum grids with 7% (w/v) trehalose solution
using a modified version of the carbon sandwich method (Gyobu et al., 2004; Hite et al.,
2010b), and the grids were frozen in liquid nitrogen. The grids were transferred into a
Tecnai F20 electron microscope (FEI Company, Hillsborough, OR) using an Oxford
CT3500 side-entry cryo-specimen holder. Data on the Tecnai F20 were collected at an
acceleration voltage of 200 kV, and a nominal defocus range of —0.5 to —0.8 um. Crystals
were also imaged with a Polara electron microscope (FEI Company, Hillsborough, OR)
operated at an acceleration voltage of 300 keV, using a nominal defocus range of 0.2 to
-0.5 um. Data were collected using low-dose procedures and K2 Summit cameras (Gatan
Inc., Pleasanton, CA). The physical pixel size of the K2 Summit camera is 5 um. The chip
size of the camera sensor is 3838 x 3710 pixels, and images were reduced to a square size of
3710 x 3710 pixels.

Dose-fractionated image stacks were recorded in super-resolution mode following
established procedures (Li et al., 2013a). To set the desired dose rate, first gain and dark
references were prepared in the linear and super-resolution modes, and then the “Profile”
option of the Gatan Digital Micrograph software was used to adjust the beam intensity and
set up the counting rate using an area containing a 2D crystal. On the Tecnai F20, for images
collected at a calibrated magnification of 40,410x (nominal magnification of 29,000x), a
dose rate of 8 counts/pixel/s (5.2 counts/A2/s) was used. Frames were read out every 150 ms
and 27 frames were collected, resulting in an exposure time of 4.05 s and a total dose of 21
counts/A2. For images collected at a calibrated magnification of 15,858x (nominal
magnification of 11,500x), a dose rate of 10 counts/pixel/s (1.04 counts/A2/s) was used.
Frames were read out every 400 ms and 50 frames were collected, resulting in an exposure
time of 20 s and a total dose of 20 counts/A2. On the Polara, dose-fractionated images in
super-resolution mode were recorded at liquid nitrogen temperature at a calibrated
magnification of 50,926x (hominal magnification of 39,000x), and a dose rate of 8 counts/
pixel/s (8.33 counts/A2/s) was used. Frames were read out every 150 ms and 16 frames were
collected, resulting in an exposure time of 2.4 s and a total dose of 20 counts/AZ.

Image stacks used to study dose-dependent radiation damage were recorded on a K2 Summit
camera mounted on an FEI TF30 microscope operated at 300 kV, and using a calibrated
magnification of 50,637x (nominal magnification of 39,000x), giving a super-resolution
pixel size on the specimen level of 0.494 A. All movies contained a total of 20 frames with
2.5 counts/A2/frame, of which the final two frames were discarded. For dataset “6 parts”, the
image stacks were recorded in six bursts containing three frames each. Bursts were
separated by pauses of ~30 s. Image stacks for dataset “18 parts” were recorded as 18
individual frames separated by ~15 s pauses.
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Image processing

The UCSF Image software was used to collect dose-fractionated image stacks and to align
the frames prior to summing them up as described (Li et al., 2013a). The drift-corrected
images of the AQPO 2D crystals were processed and merged using the 2dx software (Gipson
et al., 2007a; Gipson et al., 2007b), which is based on the MRC image-processing package
(Crowther et al., 1996). The 2D crystals have lattice parameters of a=65.5 A, b=65.5 A,
and y = 90°, and p422 plane symmetry. The crystal lattices were unbent, and the images
were corrected for the contrast-transfer function (CTF), which was determined with
CTFFIND3 (Mindell and Grigorieff, 2003). For all datasets, the best seven images of well-
diffracting crystals were merged. The merging statistics in resolution ranges are listed in
Supplementary Tables 1-11.

Image stacks recorded to assess dose-dependent radiation damage were processed as
described (Li et al., 2013a). Frames of movies that included pauses were combined into
single stacks for frame alignment. For each image series, six drift-corrected frame averages
were calculated from groups of three frames each. Processing of the averages using the
MRC image processing suite (Crowther et al., 1996) yielded lists of indexed amplitudes that
were tabulated according to resolution shell and total dose received. Using only reflections
with 1Q values of 4 and lower (corresponding to an SNR of about 1.8 and higher), average
amplitude ratios were calculated with respect to the measurement corresponding to a total
dose of 7.5 counts/AZ2, as well as the standard errors of the ratios. The results are plotted in
Figure 7.

Results and Discussion

Imaging AQPO 2D crystal

AQPO forms very well-ordered 2D crystals with a variety of lipids (Gonen et al., 2004;
Gonen et al., 2005; Hite et al., 2010a). For this study, we used 2D crystals of AQPO
reconstituted with lipid mixtures of 1:2 (mol/mol) sphingomyelin and cholesterol, and 4:1
(w/w) phosphatidylethanolamine (PE) and phosphatidylglycerol (PG). The lattice
parameters as well as the order of these 2D crystals were the same as those of AQPO 2D
crystals obtained before with other lipids.

Dose-fractionated image stacks of AQPO 2D crystals were first recorded with a K2 Summit
camera mounted on an FEI Tecnai F20 electron microscope operated at an acceleration
voltage of 200 kV. At a calibrated magnification of 40,410x, the physical and super-
resolution pixel sizes on the specimen level are 1.24 A and 0.62 A, corresponding to
physical and super-resolution Nyquist frequencies of 1/(2.48 A) and 1/(1.24 A),
respectively. After binning over 2 x 2 super-resolution pixels and performing motion
correction (Li et al., 2013a), power spectra showed Thon rings to about 2.9 A resolution
(Figure 1A). After lattice unbending in 2dx (Gipson et al., 2007a), intensity quotient (1Q)
plots showed diffraction spots with 1Q values of 3 (corresponding to a peak-to-background
ratio of 2.3; Henderson et al., 1986) up to a resolution of about 3.0 A (Figure 1B). The best
seven images were merged in 2dx (Gipson et al., 2007b), and the merging statistics indicate
that the phase information is reliable to a resolution of 3.4 A (90° is random)
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(Supplementary Table 1). The merged projection map at 3.4 A resolution is shown in Figure
1Cand D.

We also imaged AQPO 2D crystals with a K2 Summit camera mounted on an FEI Polara
electron microscope operated at an acceleration voltage of 300 kV. The Polara employs an
internal cartridge system, which is considerably more stable than the side-entry cryo-
specimen holder used with the Tecnai F20. In addition, higher acceleration voltages (1)
reduce the scattering cross-section, resulting in less multiple-scattering events, (2) give a
lower Ewald sphere curvature, thus extending the breakdown limit of the central projection
theorem (Zhang and Zhou, 2011), and (3) allow for a better performance of the DDD camera
(Ruskin et al., 2013; Veesler et al., 2013). Dose-fractionated image stacks were recorded at
liquid-nitrogen temperature at a calibrated magnification of 50,926x, giving physical and
super-resolution pixel sizes of 0.98 A and 0.49 A on the specimen level, respectively. After
2 x 2 binning, the power spectra of motion-corrected images showed Thon rings to about 2.5
A resolution (Figure 2A) and 1Q-3 diffraction spots to about 2.3 A resolution (Figure 2B).
After lattice unbending, the best seven images were merged, and the phase residuals suggest
a resolution of 2.6 A resolution (Supplementary Table 2), close to about 3/4 of the physical
Nyquist frequency of 1/(1.96 A). The merged projection map at 2.6 A resolution is shown in
Figure 2C and D.

In comparison, electron diffraction patterns we recorded previously from the same crystals
showed reflections to a resolution beyond 2.0 A. It is well known that electron diffraction
patterns of 2D crystals often show diffraction spots to a resolution higher than those seen in
images of the same crystals. Therefore, the resolution of images collected from 2D crystals
is not limited by the intrinsic disorder in the crystals but rather by other factors, such as
specimen drift and beam-induced motions (Henderson and Glaeser, 1985; Glaeser et al.,
2011). The results presented here demonstrate that the high DQE of the K2 camera together
with computational motion correction make it possible to collect images of 2D crystals
closer to the resolution limit imposed by the crystal order. However, even the use of a K2
camera and motion correction will not correct for the very fast initial motion that occurs
when the beam first illuminates the specimen, which can be minimized by the use of thick
support carbon (Glaeser et al., 2011) or simply by removing the first one or two frames of
the movie. It is also encouraging that images recorded with a Tecnai F20 electron
microscope operated at 200 kV could be merged to 3.4 A resolution, suggesting that even a
modest microscope can be used for near-atomic resolution cryo-EM studies. It is not entirely
clear why images collected on the Polara produced better results than those taken on the
Tecnai F20. However, the Polara has a more stable specimen stage, and its enclosed design
may shield the sample from high-frequency vibrations resulting from acoustic noise. While
the motion-correction algorithm we are currently using may suffice to correct drift-like
motion caused by stage instability, the 0.15-second subframe integration time will not allow
correction for most sample vibrations caused by acoustic noise.

Assessment of the signal-to-noise ratio over the exposure time

Biological specimens are sensitive to radiation damage. Exposure to the electron beam thus
gradually deteriorates the structural information, especially in the high-resolution range
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(Breedlove and Trammell, 1970; Glaeser, 1971). As a result, the intensity of diffraction
spots and their SNR decrease with increasing exposure time and electron dose (Taylor and
Glaeser, 1976). As the electron-counting K2 Summit camera allows for dose fractionation, it
is possible to follow changes in the power spectrum with increasing electron dose. By using
the binned super-resolution dataset of the AQPO 2D crystals recorded on the Tecnai F20, we
analyzed the average 1Q values within resolution bins as a function of the number of
averaged movie frames. The 1Q value was introduced in electron crystallography to assess
the SNR of reflections (Henderson et al., 1986), and changes in the average 1Q value thus
represent changes in the average SNR of reflections in the resolution bins.

Figure 3 shows the average 1Q values plotted against the number of averaged movie frames
in different resolution bins (each frame corresponds to an electron dose of 0.78 counts/A?2).
In the lower resolution bins (below a resolution of 4.7 A), the average IQ values initially
decrease rapidly but then stabilize, indicating that averaging the first few frames improves
the SNR whereas adding further frames does not further improve the SNR in these low-
resolution bins. In the higher resolution bins (resolution between 4.7 and 3.0 A), the average
1Q values also initially decrease rapidly but keep decreasing slowly to about frame 9, from
which point on they begin to slowly increase. This behavior suggests that while the SNR
improves initially with the addition of frames, from frame 9 onwards beam damage
deteriorates the high-resolution information and leads to a decrease in the SNR. While the
effect is small and may not be of practical relevance, the same trend can be seen in all three
resolution bins. The average 1Q values in the highest resolution bin (resolution between 3.0
and 2.6 A) are always close to 7, which means that the peaks equal the background level, so
that the reflections in this resolution range do not contain meaningful information
(Henderson et al., 1986).

Information beyond the physical Nyquist frequency in super-resolution mode

To address the question whether centroiding alters the phase information, we compared
images of AQPO 2D crystals recorded at different magnifications, which thus have different
pixel sizes and Nyquist frequencies. The AQPO 2D crystals used in this study diffract to
high resolution and generate a sufficient number of diffraction spots for this analysis. In
addition to data collected on the Tecnai F20 at a calibrated magnification of 40,410x (an 1Q
plot of a typical motion-corrected image after lattice unbending is shown in Figure 4A), we
collected another set of dose-fractionated image stacks of AQPO 2D crystals at the lower
calibrated magnification of 15,858x, giving a physical pixel size of 3.15 A on the specimen
level, corresponding to a physical Nyquist frequency of 1/(6.3 A). All information beyond
6.3 A will therefore be in the super-resolution range (an 1Q plot of a typical motion-
corrected image after lattice unbending is shown in Figure 4B). For optimal performance of
the K2 Summit camera and the motion-correction algorithm, the dose rate was kept low,
using 10 counts/pixel/s (1.036 counts/A2/s; 2.5 counts/pixel/s in super resolution), which is
only slightly higher than the dose rate used at higher magnification (8 counts/pixel/s; 5.203
counts/A2/s). In order to ensure that the frames had sufficient SNR for subsequent motion
correction, the frame read-out rate was adjusted to 400 ms per frame.
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The dose-fractionated image stacks were recorded with a total electron dose similar to the
total dose used for the high-magnification dataset. The dose-fractionated image stacks were
not binned to retain the super-resolution information. After motion correction, the imaged
crystals were computationally unbent, and the best seven images were merged. To determine
the resolution to which the phase information is reliable, phase residuals were calculated in
resolution bins for all spots with 1Q values 1 to 8 (“all 1Qs” in the Tables) as well as phase
residuals that were weighted by 1Q value as implemented in the 2dx software (Gipson et al.,
2007b) (“1Q-wght” in the Tables). The images collected at the lower magnification could be
merged to 3.4 A resolution (Table 1, middle; Supplementary Table 3), similar to those
collected at the higher magnification after binning over 2 x 2 pixels (also 3.4 A resolution;
Table 1, left; Supplementary Table 1), demonstrating that the phase information within each
group is consistent to these resolutions. When the unbinned images from the low-
magnification dataset were merged with the 2 x 2 binned images from the high-
magnification dataset, the phases remained consistent to 3.4 A resolution (Table 1, right;
Supplementary Table 4). This result shows that the data collected between 6.3 A to 3.4 A,
which lie in the super-resolution range for the images collected at the lower magnification, is
consistent with the information in the same resolution range that is within physical Nyquist
when collected at the higher magnification. Importantly, this indicates that super-resolution
yields high-quality phase data that is directly useful for structure determination.

The results presented here suggest that it is possible to fully utilize the super-resolution
pixels for structure determination. Recording images at lower magnifications may not be
desirable for single-particle cryo-EM of small molecules, due to the lower DQE at
frequencies beyond the Nyquist limit. It will become useful, however, for recording single-
particle cryo-EM images of very large particles, such as large icosahedral viruses, for
imaging 2D crystals larger than 1 pm in size, as well as for collecting electron tomographic
data.

Influence of dose rate on image quality

We have previously reported that higher dose rates result in increased coincidence loss that
affects the amplitude in the low-frequency region of power spectra (Li et al., 2013a). To
assess the effect of different dose rates on image quality, we collected dose-fractionated
image stacks of AQPO 2D crystals in super-resolution mode at different dose rates, but
keeping the total electron dose the same.

The images were collected at a magnification of 15,858, corresponding to a physical
Nyquist frequency of 1/(6.3 A), using dose rates of 4, 8, and 20 counts/pixel/s. The dose rate
was measured at the camera level after the specimen was inserted, and gain and dark
references were carefully prepared after the dose rate was set. To end up with the same total
electron dose of 20 counts/A2 per image stack and to ensure that the individual frames have
a sufficient SNR for subsequent motion correction, the frame read-out times were adjusted,
resulting in different exposure times. For the dose rate of 4 counts/pixel/s, 120 frames were
recorded at 400 ms per frame, giving an exposure time of 48 s; for the dose rate of 8 counts/
pixel/s, 120 frames were recorded at 200 ms per frame, an exposure time of 24 s; and for the
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dose rate of 20 counts/pixel/s, 128 frames were recorded at 75 ms per frame, yielding an
exposure time of 9.6 s.

Power spectra and 1Q plots of motion-corrected images recorded with all three dose rates
showed diffraction spots to a resolution of about 3.5 A (Supplementary Figure 1). We first
calculated one-dimensional rotational averages of the power spectra of representative
images recorded at the three different dose rates at approximately the same defocus (Figure
5). While intensities for diffraction spots at a resolution below 0.2 of the physical Nyquist
frequency are clearly observed for the images recorded with 4 and 8 counts/pixel/s, these
intensities are missing in the image recorded with 20 counts/pixel/s (arrows in Figure 5).
Thus, at a dose rate of 20 counts/pixel/s, coincidence loss results in sufficient dampening of
the amplitudes in the lower resolution range that low-order reflections are no longer visible
above the background (Li et al., 2013a; Ruskin et al., 2013). For each dataset, the best seven
images were then merged, and the phase residuals are shown in Table 2 and Supplementary
Tables 5 to 7. All datasets could be merged individually to about 3.5 A resolution, and the
behavior of the phase residuals within each dataset as a function of resolution is similar for
the three datasets (Figure 6A). We note that the phase residuals in the different resolution
bins of data recorded with 8 counts/pixel/s are consistently better than those of data recorded
with 4 and 20 counts/pixel/s. In particular, although data recorded at a dose rate of 4 counts/
pixel/s should yield better data, the phase residuals are somewhat higher, which may be
caused by the longer frame read-out time that was used (400 ms instead of 150 ms). This
will limit the effectiveness of motion correction, especially for data collected with an
electron microscope equipped with a side-entry specimen stage such as the Tecnai F20. Still,
our results indicate that for dose rates ranging from 4 to 20 counts/pixel/s, the phase
information in images for each group is consistent to a resolution of about 3.5 A.
Furthermore, an analysis of the number of spots with given 1Q values shows that their
distribution is similar for all three datasets in all resolution ranges (Supplementary Figure 2).
This result is in agreement with the previous finding that different dose rates do not affect
the SNR of images recorded with the same total electron dose.

To compare the phase quality between data recorded at different dose rates, different
datasets were merged with each other, i.e., data recorded at 4 counts/pixel/s with data
recorded at 8 counts/pixel/s, data recorded at 4 counts/pixel/s with data recorded at 20
counts/pixel/s, data recorded at 8 counts/pixel/s with data recorded at 20 counts/pixel/s, as
well as all the data. The resulting phase residual statistics show that the data recorded at
different dose rates are all consistent to about 3.5 A resolution (Table 3), and plots of phase
residual against spatial frequency show similar trends for all merged datasets (Figure 6B).
Thus, the phase information is consistent between datasets irrespective of what dose rate
was used. Interestingly, there is a small increase in phase residual at the resolution
corresponding to the physical Nyquist frequency. While this increase is small, ~15°, it was
observed for all datasets.

The datasets recorded at different dose rates were also used to assess the effect of dose rate
on the amplitude information (Figure 6C). Comparison of the amplitude errors in resolution
bins shows that the data recorded with 4 and 8 counts/pixel/sec are comparable. For data

recorded with 20 counts/pixel/sec, the amplitude error is higher in the lowest resolution bin
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(below 62.0 A or 0.2 of the physical Nyquist frequency), which can be explained by the
higher coincidence loss at higher dose rates. However, the amplitude error is also
significantly higher in the high-resolution bins (above 4.13 A or 1.5 times the physical
Nyquist frequency). A dose rate of 20 counts/pixel/sec not only increases coincidence losses
(which influences mostly low resolution region), but also reduces modulation transfer
function (MTF) and DQE at both high and low frequencies which can be explained by the
higher coincidence loss at higher dose rates. The large amplitude errors in the high-
resolution range may be attributed to the lower DQE of the K2 Summit camera in this range
at higher dose rates (Li et al., 2013a; Ruskin et al., 2013).

When images recorded with different dose rates were merged (Figure 6D), the amplitude
errors of all datasets including the images recorded with 20 counts/pixel/sec increased
substantially in the low-resolution range (below 62.0 A) but not as much in the high-
resolution range (above 4.13 A). In addition, all combined datasets show a peak of high
amplitude error at a resolution of about 15 A (Figure 6D, arrow), which appears less
prominent in individual datasets (Figure 6C, arrow). Compared to the phase information, the
amplitude information appears to be much more affected by coincidence loss that is caused
by higher dose rates.

It is widely accepted in the X-ray crystallography field that phase information is far more
important for the reconstruction of a 3D electron density map than the amplitude
information. Moreover, image amplitudes are greatly modulated by the contrast transfer
function (CTF), which complicates the accurate measurement of amplitudes. Our results
indicate that the coincidence loss created by higher dose rates leads to a decrease in the
measured amplitudes but does not systematically alter phases, suggesting the image
reconstruction is still feasible under dose rate conditions that create greater coincidence loss.

Above all, when it is desirable to have a larger field of view, say with large 2D crystals, it is
feasible to set up data collection at lower magnifications, as long as dose rates are kept in the
same < 10 e7/sec regime. It may also be useful to increase the readout rate to improve
motion correction, but at the expense of significantly expanded data sizes. Hence, the
magnification and the subframe integration time should be carefully chosen for image data
collection.

Influence of dose fractionation protocol on image deterioration

The recording of dose-fractionated image stacks to enable correction of beam-induced
specimen motion has become the standard procedure for data collection (Bai et al., 2013;
Campbell et al., 2012; Li et al., 2013a). A study of beam-induced motion revealed a pattern,
in which motion is larger in the beginning of an exposure and then slows down (Brilot et al.,
2012). The reason for this pattern is not known but may point to an annealing mechanism
that relaxes strain present in the amorphous ice layer and carbon support. When the beam is
turned off and back on after a pause of 60 s, a motion pattern similar to the initial exposure
is observed, including initial motions of similar magnitude (Brilot et al., 2012). Only after
several repeated exposures a significant reduction of motion is observed. It is therefore
possible that different dose fractionation time courses may lead to different motion patterns.
Using the K2 Summit camera, we recorded image stacks of AQPO 2D crystals in super-
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resolution mode with a total dose of 45 counts/AZ and a dose rate of 20 counts/pixel/s. Three
protocols were tested and compared: image stacks recorded without interruption
(continuous), image stacks recorded in six exposures separated by ~30 s pauses (6 parts) and
image stacks recorded in 18 exposures separated by ~15 s pauses (18 parts). For all exposure
series, we kept the sample drift rate below 2 A/s and chose a beam diameter that
significantly exceeded the field of view. This ensured that unexposed parts of the crystal
moving into the beam between exposures did not affect our measurements.

Figure 7 shows plots of amplitudes measured at different total applied electron doses. After
dividing the data into different resolution ranges it can be seen that the dose sensitivity is
greatest for the highest resolution and least for the lowest resolution, as observed previously
(Glaeser, 1971). The plots suggest that the image amplitudes, which are indicative of the
structural integrity of the crystals, decay at the same rate (within measurement error) for all
three data collection protocols tested. The underlying cause of beam-induced motion
remains uncertain but may include specimen charging and the build-up of internal pressure
due to molecular radicals generated by radiolysis (Glaeser, 2008). Our observation that
different fractionation protocols can lead to the same loss of structural integrity but different
motion trajectories suggest that either radiation damage is not the sole cause of the sample
motion, or the damage caused by the beam continues for a certain time after the beam has
been switched off.

In conclusion, our current studies demonstrate that electron counting and centroiding used
by the K2 Summit camera does not affect the phase information in the super-resolution
range beyond the physical Nyquist frequency. Thus, it is possible to record images at a
lower magnification to fully utilize the total number of super-resolution pixels. Furthermore,
at least up to a dose rate of 20 counts/pixel/sec, the influence of coincidence loss on phase
information, if there is any, may be negligible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

In?aging of AQPO 2D crystals with a K2 Summit camera mounted on an FEI Tecnai F20
electron microscope operated at 200 kV. (A) The power spectrum of a typical drift-corrected
image recorded at a calibrated magnification of 40,410x after binning over 2 x 2 pixels
shows Thon rings to a resolution of about 2.9 A (indicated by dashed ring). (B) The IQ plot
of a typical AQPO 2D crystal after lattice unbending shows 1Q = 3 spots to a resolution
better than 3 A. (C) Projection map of AQPO at 3.4 A resolution obtained by merging the
best seven images. (D) Projection map shown as contour plot. Panels C and D show four
AQPO unit cells, each with a side length of a=b = 65.5 A.
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Fig. 2.
Imaging of AQPO 2D crystals with a K2 Summit camera mounted on an FEI Polara electron

microscope operated at 300 kV. (A) The power spectrum of a typical drift-corrected image
recorded at a calibrated magnification of 50,926x after binning over 2 x 2 pixels shows Thon
rings to a resolution of about 2.5 A (indicated by dashed ring). (B) The IQ plot of a typical
AQPO 2D crystal after lattice unbending shows IQ = 3 spots to a resolution of about 2.3 A.
(C) Projection map of AQPO at 2.6 A resolution obtained by merging the best seven images.
(D) Projection map shown as contour plot. Panels C and D show four AQPO unit cells, each
with a side length of a=b =655 A.
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30

Analysis of the effect of increasing electron dose on the average 1Q values of diffraction
spots in resolution bins. The average 1Q values were calculated for the indicated resolution

ranges and plotted against the cumulative frame number.
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1)

Information beyond the physical Nyquist frequency. (A) AQPO 2D crystals were imaged

with a K2 Summit camera mounted on an FEI Tecnai F20 electron microscope in super-
resolution mode at a calibrated magnification of 40,410x, and the drift-corrected images

were binned over 2 x 2 pixels. As the physical Nyquist frequency is 1/(2.48 A), all
reflections seen in the 1Q plot are below the physical Nyquist frequency and within the

normal resolution range. (B) AQPO 2D crystals were also imaged at a magnification of

Fig. 4.

15,858x, and the drift-corrected images were not binned. As the physical Nyquist frequency

is 1/(6.3 A)

all reflections seen in the 1Q plot beyond this resolution are above the physical

Nyquist frequency and in the super-resolution range.
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Fig. 5.
Radial averages of power spectra calculated from representative images recorded with

different dose rates. Diffraction spots in the low-resolution range are clearly seen in the
images recorded with dose rates of 4 and 8 counts/pixel/sec (arrows). By contrast, due the
greater coincidence loss, these diffraction spots are no longer detectable in the image
recorded with a dose rate of 20 counts/pixel/sec.
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Imgluence of dose rate on phase and amplitude information. AQPO 2D crystals were imaged
with a K2 Summit camera mounted on an FEI Tecnai F20 electron microscope in super-
resolution mode at a calibrated magnification of 15,858x, corresponding to a physical
Nyquist frequency of 1/(6.3 A), using dose rates of 4, 8, and 20 counts/pixel/s. (A) and (C)
Plots of phase residuals and amplitude errors as a function of spatial frequency for merging
of the best seven images recorded with the different dose rates. (B) and (D) The same plots
but for the merging image sets that were recorded with different dose rates.
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Effect of different dose fractionation protocols on beam damage. AQPO 2D crystals were
imaged with a K2 Summit camera mounted on an FEI TF30 electron microscope in super-
resolution mode at a calibrated magnification of 50,637, using a total dose of 45 counts/A?2
but three different protocols: image stacks recorded without interruption (continuous), image
stacks recorded in six exposures separated by ~30 s pauses (6 parts), and image stacks
recorded in 18 exposures separated by ~15 s pauses (18 parts). The plots show the
amplitudes measured at different total applied electron doses for different resolution ranges.

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 21

Chiu et al.

T'GL 6'6. L0L 508 €9l €8l e se A
18V 18V 8.1 8.1 T8¢ T8¢ T
765 989 7'89 6°0L 0.5 A% S€ L€ T
89 85 8ez 8ez 118 A% o1
0'€S 129 Lzl 911 Ty €95 L€ 6€ o1
105 105 ez vee 59z S92 6
'S LT9 11§ 0'€9 zl VA 6€ T 6
€15 €15 92 9z 60€ 60€ 8
8'Ge ovr vy 0ZS 971E 8'6¢ T vy 8
159 159 zze zze gee gee L
8'Ge L6€ 99€¢ 0'6€ 9ze 09€ vy Ly L
985 985 iz iz z1e z1e 9
T°€e 6y L0E zov 9TE 6'TY Ly zs 9
989 9€9 6T 61 A% A% g
9€T 9.2 €71C 0.2 1874 6.2 zs 8 S
889 889 zve zve ove ove v
€€ Ty 0ve G'6E 7'9€ 60V 85 L9 v
£69 €69 LvE 1ve ove ave €
Tee 9'6¢ 88T L'TC 0's¢ 6°L¢ L9 2’8 €
159 159 8z¢e 8z¢ 62€ 62€ z
0z 062 TvZ €12 6712 192 z8 9TT z
259 259 62¢ 62¢ gze £z¢g T
v'ee €67 76T €22 6.1 T€T 9TT0000T 1T
Wom-O1  sOI e Wm-OI  sOIIe  Wim-OI  sOIIle  XVINQ NING #

paUIqUWOD pauuIquN ‘9T pauuIg ZXZ 0y

"X8G8'GT JO uonealjiubew e e usye) sebewi ay) 10y Aouanbaly 1SINbAN [ea1sAyd sy sajealpul sulj anjg ay) pue (jenpisal aseyd ,08~) JJ0-1no

uoIIN|0Sal aY) 81eJIPUI SaUI| PaJ ayL “uaAIb aJe (Jaquwinu wonoq) siods Jo Jaquinu pue (Jaquinu doy ‘ealbap ul) fenpisal aseyd ay) [|ays uonN|osal Yyaes o4
"(paulqwiod) sabew T [fe Jo Buibisw Joj pue ‘(pauulqun ‘Y9T pue pauulq gxz ‘Y0) uonipuod Buibewi yoes wol) sabewl uanas Bulbiaw Ajseedss 1oy
uanIb are sjenpisal aseyd ay | “Buluuig Inoynm XgGg‘ST 4o uonealyiubew e Je pue siaxid g X z Jano Butuuig Jusnbasgns yim x0T 0 40 uonedlyiubew e 1e
apow uonnjosal-Jadns Ul adods0IdIW UOJJI3]8 024 UB U0 pajunow eiawed dad NWWNS Z> & U0 Usxe) a1am sabew| S||ays UoIN|osal Ul sjenpisal aseyd

T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 22

Chiu et al.

Author Manuscript

Author Manuscript

2518 19GE 9.6€ sjods Jo JaquinN
906 oSGy AN 44 [ENpISal 3seUd :|[edA0
6 762 6€ 6€ 19 19 Gt
108 v'e8 6'0L 9€sL g€l z'08 0€ 1€ a1
80¢ 80¢ a8 a8 a8 a8 T
7’18 7’68 106 8'G6 €eL 0'8L 1€ ze 4"
62y 62t GeT GeT 991 99T €1
128 €8 g8 9'G8 v'6L 8'9L ze v'e €1
107 107 4 evl 8.1 8.1 4
Wom-O1  sOIIe  Wem-O1I  sOIIe  wbm-OI  sOIIe  XVINQ  NIAQ #
paulquiod pauulqun ‘49T pauulq zxz oy

Author Manuscript

Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 23

Chiu et al.

Vet et 8vT 8yt 62T 62T T
9’6, 508 oY v'.G 'G5 819 6°€ o T
81 81 612 672 16T L6T T
Tl 799 T'EY €95 6y €S o A% T
802 802 822 822 902 902 01
107 8'G5 0€e TTy 6'2€ T'oY A% Sy (1)
€ez €€z 652 652 1€2 €2 6
9'8¢ A4 9°0¢ €€ 8¢ 8¢ Sy Ly 6
€12 €12 e e ez vee 8
v'1e Loy €62 T 7’82 z'8e Ly TG 8
€52 €52 192 192 597 592 L
6'Ge 9ve 7’02 zLe 967 9'62 TG §g L
102 102 212 rAXA 602 602 9
€12 8'62 L0z Lve 802 6'G2 §g 09 9
462 562 852 852 €52 €52 g
802 6'GE 89z A S 971¢E 09 L9 g
€z vz 052 052 124 124 1
6'8T r'ee 7’61 € 6.7 §2e L9 Ll v
192 192 29z 29z €92 €92 €
e 092 g€z 6'G2 L0z L'12 Ll §6 €
652 652 592 59z 652 652 z
v'ze 6'92 002 TTC 82 AT/ §'6 et z
96z 9€z €2 L€2 €z ez T
9'91 7’61 7’81 6'TC 91T Ger V€T 0000T T
Wem-O1  sOI e Wbm-O1  sOIle  wbm-OI sOIlle  XVINQ NIAQ #

s/|8x1d/s1unod 0z s/|8x1d/s1unoo g s/8x1d/s1unoo ¢

‘(Jenpisal aseyd ,08~) JJ0-1N2 UOIIN|OSaJ SY] a1eaIpUl Saul| pal ay L

"uanIb ale (Jaquinu wonoq) s1ods Jo Jaqwnu pue (Jagwnu doi ‘aaibap ui) [enpisal aseyd ayl [[3Ys UOIINJOSal Yaea 104 "uonipuod Buibew yoes woiy sabewl
uanas Buibiaw Aja1esedas 104 UsAIB ale sjenpisal aseyd ayl "s/|ax1d/sunod gz pue § ‘¢ Jo saled asop Buisn Buluuig INOYIM X8G8‘GT Jo uonedlyiubew e je
apow uonnjosal-Jadns Ul adods0IdIW UOJJI3]8 024 UB U0 pajunow eiawed dad NWWNS Z> & U0 Usxe) a1am sabew| S||ays UoIN|osal Ul sjenpisal aseyd

¢ ?dlqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 24

Chiu et al.

60S€ 85/€ 29s€ sjods Jo JaquinN
610°0S 6TLEY 181'vY [enpIsal 8seyd :|[esdn0
LTT LTT 9T 9T 1T 11T 81
0'88 ) 0'68 €98 9'Z8 7’88 ze €e 81
62T 62T A4 a4 €T geT 1T
0'S6 Te0T  TS8 726 7°00T 766 €€ v'e LT
T orT 67T 6T LET LT 91
6'6L 568 0.2 L'€8 z18 1’68 v'e ge 91
0zt 0zt (14 0zt €zt €er Gt
608 8'68 STL 108 9'88 L'v6 g€ 9€ Gt
8eT 8T GST GST 7T T 4
608 z'98 9'89 9L 7'69 8'8. 9€ Le 4
8.1 8.1 14 174 96T 96T €1
9vL GT8 0°0S 8'€9 109 9'89 Le 6€ €1
Wom-O1  sOIIe  Wem-O1I  sOIIe  wbm-OI  sOIIe  XVINQ  NIAQ #

s/|8x1d/s3unod oz

s/|ax1d/s1unod g

s/8x1d/s3unod ¢

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 25

Chiu et al.

Author Manuscript

198 198 82 782 €92 €92 L1z Lz T
€65 17'89 675 6'L9 259 0zL 1°95 0'59 6°€ 0 T
109 709 oy oY 8¢ 8¢ 9Ty 9Ty T
goy G509 a4 7’65 zov z'8g T8y ST9 o z T
9 9 9ey 9ey 1454 14%4 ey 34 01
T8¢ 18 0'5e z8y G'8e 7’2 1.8 €8y A Sy (1)
62L 62. 6V 6V oLy oLy 96V 96V 6
9Ty 6'97 zLE 9y TLE 8Ty eer Sy Sy Ly 6
6.9 6.9 5SS SS L€V L€y 99y 99 8
v'ze g0y STE 8'6¢ 6'62 6'6€ 82 607 Ly TS 8
6LL 6LL 1§ 1§ 81§ 81§ 92§ 92§ L
T.Z €ve 6'G2 zee 9'€C 7'z '8z T'GE T§ §g L
229 229 €Ty €Ty 0Ty oY T2y T2V 9
L'€T 162 7'1e 9.2 612 6'82 g6z L'62 §g 09 9
99/ 99/ €15 €15 805 805 11§ T1S g
0'9g '6€ 0'Ge z8e €82 €ve €8¢ T 09 L9 g
8¢L 8eL e6Y e6Y 88y 88y S6v S6v 1
TTC 81e 902 T¥C 981 v'ee v'ze LSz L9 LL v
981 981 €25 €25 A 28 T4 T4 €
9.2 7’62 892 6'82 a4 L've 7’62 €T€E Ll 56 €
€8 €8L 28 A 81§ 81 v2s A z
9'82 0z 012 L0g 8 6'82 vz 7’62 S6 et z
L0L L0L Ly Ly oLy oLy Ly Ly T
82 v'1e 7’92 ran eyl 197 6'92 L'0E 7'eT 0000T T
wbm-01  sOIe  wWbm-OI  sOIle  wbm-O1I  sOIIlEe  wim-OI  sOIIe XVINA NING  #

s/|9X1d/SIUN0J OZ+8+Y

s/18x1d/s1unod 0Z+8

$/|8X10/S3UN0D OZ+y

S/|9x1d/s1un0d g+4

‘(Jenpisal aseyd ,08~) JJ0-1N2 UOIIN|OSa4 81 81eIIPUI Saul| paJ ayL "uaAlb are (Jaquinu
wonoq) s1ods Jo Jaquinu pue (Jaqwnu doj ‘aaibap ul) enpisal aseyd ayl ||ays UoOIINj0Sal Yoea 104 suonipuod Buibew paredlpul ayl Jo yoea sabewl Uanss
J0 suolreulquiod Buibiaw 1oy uanib are spenpisal aseyd ay "s/]9x1d/S)UN0d OZ pUe 8 ‘7 40 Sared asop Buisn Buluulg INoylm X8G8‘GT 40 uonealyiubew e 1e
apow uonnjosal-Jadns Ul adods0IdIW UOJJI3]8 024 UB U0 pajunow eiawed dad NWWNS Z> & U0 Usxe) a1am sabew| S||ays UoIN|osal Ul sjenpisal aseyd

€9lqel

Author Manuscript

Author Manuscript

Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.



Page 26

Chiu et al.

G8E0T 192, TL0L 02€L sjods Jo JaquinN
€678y 658 6ES LY 6916 [enpisal aseyd :[[eJan0
€0¢g €0¢g €4¢ €4¢ 8¢¢ 8¢¢ YAZA YAZA 8T
768 506 006 8'88 678 506 1'S6 926 ze g€ 81
8ee 8ee 1.2 1.2 292 29z k4 Yk LT
7'86 86 0'68 106 088 A G516 116 €€ v'e LT
8¢ 8¢ g6¢ g6¢ {214 €8¢ 982 98¢ 91
8'68 9'/8 8'88 9'/8 L'T6 706 T'9L g'e8 v'e g'e )
60€ 60 ore ore eve eve eve eve q1
€18 9'/8 z'L9 128 €/8 L'G6 S'6L 0.8 ge 9¢ qT
G9¢ g9 €6¢ €6¢ 6.2 6.2 962 96¢ T
] 908 €9 g8l 6'6L 8'6. L€l €8l 9¢ L' T
€15 €15 €6¢ €6¢ 125 1€ 1974 14774 €T
809 L 8'7s 129 29 LT 895 L'19 Le 6'€ €1
wom-O1  sOre wbm-Or  sOrEe  wem-Or  sOre wim-O1 sOIIle XVYINA  NING - #

$/19X1d/SIUN0J OZ+8+Y

s/[ax1d/s1unod 0Z+8

S/19X1d/S1UN02 0Z+

s/18X1d/SIUN0D 8+

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2016 November 01.





