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A B S T R A C T

The power of cryo-electron tomography (cryoET) lies in its capability to characterize macromolecules in their
cellular context. Structure determination by cryoET, however, is time-consuming compared to single particle
approaches. A recent study reported significant acceleration of data acquisition by a fast-incremental single-
exposure (FISE) tilt series scheme.

Here we improved the method and evaluated its efficiency and performance. We show that (1) FISE combined
with the latest generation of direct electron detectors speeds up collection considerably, (2) previous generation
(pre-2017) double-tilt axis Titan Krios holders are also suitable for FISE data acquisition, (3) x, y and z-specimen
shifts can be compensated for, and (4) FISE tilt series data can generate averages of sub-nanometer resolution.

These advances will allow for a widespread adoption of cryoET for high-throughput in situ studies and high-
resolution structure determination across different biological research disciplines.

1. Introduction

Cryo-electron tomography (cryoET) and subtomogram averaging
are emerging as a powerful structure determination alternative to single
particle cryo-electron microscopy (SPA). In contrast to SPA, cryoET
offers the possibility of determining structures of macromolecular
complexes in their biological context (Briggs, 2013). New methods and
software packages are being developed to overcome barriers that cur-
rently prevent the determination of structures at a quality that is
comparable to SPA (Danev et al., 2019; Schur, 2019). While both,
cryoET and SPA, rely on the collection of data from thousands of copies
of identical proteins to improve the low signal-to-noise ratio that is
inherent to cryo-electron microscopy of biological samples, SPA data
collection yields many-fold more particles given the same collection
time. In addition, high-resolution cryoET projects usually employ spe-
cial tilt series acquisition schemes that further slow down data collec-
tion (Hagen et al., 2017). Especially in cases of only a few target copies
per field of view, many days of microscope time are required to obtain
sufficient numbers of subvolumes for subtomogram averaging.

The Titan Krios cryo-transmission electron microscope (Thermo
Scientific) is currently the prevalent high-end model used for cryoET.
Most of the installed instruments are equipped with a dual-tilt axis (DT)
holder that is capable of rotating the specimen by 90° inside the column

to facilitate dual-axis tomography. A recent publication reported a new
single-tilt axis (ST) holder for the Titan Krios (installed in 2017), whose
improved mechanical performance allows for collection of tilt series in
a matter of minutes instead of hours (Chreifi et al., 2019). These time
savings result from omitting time-intensive tracking, autofocusing, tilt-
backlash correction and settling steps, which were previously deemed
essential for the collection of high-resolution data (Hagen et al., 2017).
The introduced ‘fast-incremental single-exposure’ (FISE) method ad-
ditionally saves time by acquiring a complete tilt series in a single long
exposure. In this procedure, the camera is continuously acquiring and
sample exposure is controlled by blanking of the electron beam. The
beam is blanked while the stage is tilting and unblanked when the stage
is stationary at each tilt angle of the tilt scheme. This method eliminates
camera start-up times of several seconds per tilt exposure, which were
needed during conventional tilt series acquisition (Chreifi et al., 2019).

Here, we address several questions that had to be answered before
FISE tilt series acquisition can be widely adopted: (1) The next gen-
eration of direct electron detectors (here the Gatan K3 camera) was able
to further accelerate tilt series acquisition by essentially eliminating
processing time, which previously disabled the microscope control in-
terface (SerialEM) for several minutes. (2) Interestingly, we found that
the conventional DT holder was also suitable for FISE data acquisition.
(3) We established that specimen shifts during tilting can be calibrated
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and compensated for, by applying tilt angle dependent image shifts and
defocus. (4) Finally, we showed that the data quality of FISE tilt series
was sufficient to achieve subnanometer resolution by subtomogram
averaging.

2. Results and discussion

In order to ensure reproducibility and wide applicability, we per-
formed FISE experiments on three Titan Krios transmission electron
microscopes. Two of the instruments were equipped with a ST holder
and a Gatan K3 direct electron detector, hereafter referred to as Titan
Krios [ST/K3] and one was equipped with a previous generation DT
holder and a Gatan K2 direct electron detector, hereafter Titan Krios
[DT/K2] (Table S1).

2.1. FISE tilt series acquisition using a K3 direct electron detector

FISE acquisition produces a single movie containing hundreds of
frames which has to be processed and saved by the camera hardware
after each tilt series. Using the Gatan K2 direct electron detector in
Counting mode, this processing time is in the order of minutes and
disables the microscope control interface (SerialEM), contributing up to
50% of the total acquisition time (Chreifi et al., 2019). In addition to
providing an approximately 65% larger field of view (K2:
3’838×3’710 pixels; K3: 5’760×4’092 pixels), the Gatan K3 direct
electron detector is superior to the K2 in two major ways: (1) its higher
readout speed allows for a higher dose rate and hence, for shorter ex-
posure times per frame and per tilt, and (2) its improved processing
speed facilitates a faster output of frames and less delay to regain mi-
croscope control through the interface after an exposure. We compared
the performance of FISE tilt series acquisition on Titan Krios [DT/K2] in
Counting mode with Titan Krios [ST/K3] in Super-Resolution mode
with hardware binning by a factor of two (Table 1, Table S2). Re-
gardless of the change in terminology, both camera modes represent the
same super-resolution electron counting followed by simple 2x pixel
binning. On Titan Krios [DT/K2] a full 120° dose-symmetric tilt series
with 3° increments could be collected in ~5.7 min. The measured times
on Titan Krios [ST/K3] confirmed that the new generation of Gatan
direct electron detectors was able to essentially eliminate the proces-
sing time that blocks the microscope control interface (SerialEM) after
long exposures. While the difference between ‘set Record time’ and the
actual ‘camera Record time’ was over two minutes on the K2, it was
reduced to four seconds on the K3. Full 120° tilt series with 3° incre-
ments could be collected in 2.2 min on Titan Krios [ST/K3] and auto-
mated serial acquisition of tilt series required less than 5min per pre-
selected target, allowing for a throughput of 10–15 FISE tilt series per
hour. On a Titan Krios [DT/K2], 6–7 FISE tilt series per hour should be

achievable. Furthermore, the latest SerialEM version 3.7 beta12 (or
higher) can discard frames with a mean count below a defined
threshold (blanked frames) on the fly, which results in faster processing
and smaller file sizes compared to previous versions.

2.2. Performance of single-tilt axis holder and dual-tilt axis holder

A prototype of the new Titan Krios ST holder was recently shown to
be eucentric enough for the collection of fast-incremental tilt series
without the need for additional tracking images (Chreifi et al., 2019).
To confirm that this behavior was reproducible across Titan Krios in-
struments equipped with the new ST holder, we recorded the x- and y-
shift (parallel and perpendicular to the tilt axis, respectively) of a spe-
cimen throughout the tilt series on a Titan Krios [ST/K3]. During the
collection of dose-symmetric FISE tilt series with an increment of 3° and
a range from−60° to +60°, we observed specimen shifts perpendicular
to the tilt axis of± 300–600 nm (Fig. 1A), which is consistent with the
previously published results that accounted for a range of −51° to
+51° (Chreifi et al., 2019). Specimen shifts observed parallel to the tilt
axis (x-shift) were negligible (Fig. 1B).

In order to quantify the improvement of the new ST holder over the
previous generation Titan Krios DT holder, we used the same FISE
tilting scheme and recorded tilt series on a Titan Krios [DT/K2].
Interestingly, the observed x- and y-shifts in the tilt series (Fig. 1C/D)
were comparable to those obtained from the ST holder, suggesting that
the performance gain by using the ST holder is not substantial. The DT
holder, however, showed significantly larger specimen shifts occurring
reproducibly upon change of tilt direction (at 0° in case of dose-sym-
metric tilt scheme). As a result of this systematic mechanical error, the
specimen was shifted by ~200 nm at negative tilt angles relative to
positive tilt angles (arrowhead in Fig. 1C). During state-of-the-art dose-
symmetric acquisition schemes, this effect is minimized by taking ad-
ditional time to approach all tilt angles from the same direction (Hagen
et al., 2017). To maximize speed, such backlash-compensation was not
performed here. The specimen shift profiles throughout the tilt series
showed a certain degree of reproducibility for both holders, which
suggested that calibrations may be used to compensate for specimen
shifts.

2.3. Calibrated image shift compensation of specimen shifts

Previous specimen shift analyses showed partial reproducibility of
stage errors throughout a dose-symmetric FISE tilt series (Chreifi et al.,
2019), suggesting the possibility of using image shifts for compensation
of specimen shifts during acquisition. Calibrated image shift compen-
sation of tilt-induced specimen shifts has been used in earlier efforts to
automate tilt series collection and compensate for errors in stage eu-
centricity and offset between the optical axis and the tilt axis (Ziese
et al., 2002). Using a model for stage geometry and on the fly-measured
specimen shifts allowed for further refinements of local parameters,
which improved the robustness of stage movement predictions (Zheng
et al., 2004).

To minimize specimen shifts caused by the offset between the op-
tical axis and the tilt axis, we used the SerialEM image shift correction
that is applied after analysis of the average lateral displacement of
several runs of the fine eucentricity routine. Furthermore, to ensure
eucentricity for every target, the fine eucentricity routine was run im-
mediately before the start of every FISE tilt series collection. Currently,
specimen shift cannot be measured on the fly within a FISE tilt series,
because frames are saved by SerialEM only after the completion of the
single long exposure. Hence, corrections have to rely entirely on pre-
calibrated image shifts assuming a consistent specimen geometry and
stage behavior between targets. To test the feasibility of this approach,
we collected a tilt series with short single exposures per tilt angle and
recorded the specimen shifts throughout a dose-symmetric tilt scheme.
The collection and processing of this calibration tilt series took about

Table 1
K3 camera eliminates long processing times. Time measurements of FISE −60°
to +60° tilt series with 3° increments on Titan Krios [DT/K2] and Titan Krios
[ST/K3].

Instrument Tilt scheme Unblank
timea

Prep
timeb

Set Rec
timec

Cam
Rec
timed

Total
timee

[ST/K3] unidirectional 1 s 98 s 91 s 95 s 201 s
[DT/K2] unidirectional 1 s 136 s 117 s 253 s 399 s
[ST/K3] dose-symmetric 1 s 101 s 130 s 134 s 243 s
[DT/K2] dose-symmetric 1 s 134 s 185 s 339 s 484 s

a Time the sample is exposed per tilt.
b Time taken to refine eucentricity and autofocus.
c Exposure time set for Record in SerialEM. Variations are due to the slower

tilt speed on Titan Krios [DT/K2]. In all cases, the default tilt speed of the stage
was not altered.

d Time from start of acquisition until regain of microscope control.
e Total run time of the tilt series including resetting the microscope state.
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six minutes on a Titan Krios [ST/K3]. Subsequently, we applied com-
pensating image shifts during the collection of a FISE tilt series. The
resulting specimen shifts were significantly reduced, showing a total
shift of the target within±100 nm (Fig. 2A/B, Movies S1 and S2),
which is less than 10% of the detector area at 2.7 Å/pixel on a K3.

Stability and reproducibility of the calibrated image shifts were
tested by collection of FISE tilt series at a distance of up to two grid
squares from the position where the calibration tilt series was acquired
(Fig. 2C/D). The compensated specimen shifts could be kept below
200 nm on the calibration square (red) and below 500 nm at a distance
of two squares from the calibration position (blue). The reference tilt
series without compensation showed maximum specimen shifts be-
tween 770 nm and 1250 nm (Fig. 2D, grey). These results suggest that
the quality of compensation is dependent on the local specimen support
geometry. To evaluate at which tilt angles most data was lost, we cal-
culated the loss of data, taking into account the gain of field of view
perpendicular to the tilt axis at higher tilt angles and the compression of
the specimen projection (Fig. S1A). As expected, the maximum loss of
data occurred at high tilt angles for uncompensated tilt series and at
lower tilt angles for image shift-compensated tilt series (Fig. S1B). Due
to the gain of field of view, lower tilt angles are more sensitive to
specimen shift and hence small inaccuracies in calibrations and local
specimen variability.

Nonetheless, image shift compensation should allow for the collec-
tion of tens to hundreds of FISE tilt series with a single set of calibrated
image shifts. Similar results were obtained for a Titan Krios [DT/K2]
(Fig. S2).

Next, we assessed the calibration robustness on a real sample with
two to seven targets per square on eleven squares total. After recording
a single set of calibrated image shifts in the central square (Fig. S3), we
collected 47 FISE tilt series of metamorphosis-associated contractile
structures (MACs) (Shikuma et al., 2014) in less than four hours on a
Titan Krios [ST/K3]. The maximum specimen shifts varied significantly
between tilt series (Fig. 2E). In the best tilt series the specimen shifts
were less than 130 nm while in the worst tilt series they were over
650 nm. The biggest shifts, however, occurred usually at high tilts (blue
crosses in Fig. 2E). Considering the increase in visible specimen area
perpendicular to the tilt axis at high tilt angles (doubled at 60°), the
maximum loss of data was less than 40% of the specimen area at 0° in
most cases (Fig. S1C) with the worst case showing a 70% loss of data for
one tilt angle (see Movie S3 for the tilt series with largest loss of data,
indicated by arrowhead in Fig. 2E). Overall, no micrographs had to be
discarded in any of the tilt series. Furthermore, average lateral dis-
placement measured by the fine eucentricity routine in SerialEM was
−0.03 µm with a standard deviation of 0.13 µm excluding one outlier.
This showed good compensation of the tilt axis offset from the optical
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Fig. 1. Performance increase of ST holder compared to DT holder is marginal. Representative examples of specimen shift throughout a FISE dose-symmetric 3°
increment tilt series recorded using a single-tilt (ST) axis holder (A/B) or a dual-tilt (DT) axis holder (C/D). The tilt axis in both cases is approximately parallel to the
x-axis. Overall, specimen shifts are comparable between both holders and x-shift is negligible compared to y-shift. The DT holder shows larger systematic shift upon
reversal of tilt direction (arrowhead).

F. Eisenstein, et al. Journal of Structural Biology 208 (2019) 107–114

109



-60 -48 -36 -24 -12 0 12 24 36 48 60
-500

-400

-300

-200

-100

0

100

200

300

400

500

tilt angle [°]

shift [nm]

y-shift
x-shift

-60 -48 -36 -24 -12 0 12 24 36 48 60
-500

-400

-300

-200

-100

0

100

200

300

400

500

tilt angle [°]

shift [nm]

-1000
-500
-500

-400

-300

-200

-100

0

100

200

300

400

500

tilt series

y-shift [nm]

A

C

E

B

D

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

tilt series

y-shift [nm]

position of
calibration

no image shift compensation with image shift compensation
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without application of compensating image shifts (A) and with application of compensating image shifts (B) recorded on a Titan Krios [ST/K3]. Image shifts
effectively compensate specimen shifts, especially at large tilt angles. C/D: A single calibration tilt series can be used to compensate specimen shifts for multiple grid
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without (grey) compensating image shifts (D). Shown are specimen shifts perpendicular to the tilt axis (y-shift) within full tilt series. E: Y-shifts of 47 tilt series
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higher than±51°. The arrowhead indicates the worst tilt series that is also shown in Movie S3. Tilt series are grouped by squares. No micrographs had to be
discarded due to the loss of target.
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Fig. 3. Z-shifts can be partially compensated by pre-calibrated defocus offsets. Estimated defocus of motion-corrected micrographs within individual FISE dose-
symmetric tilt series (A/C/E) and per tilt angle (B/D/F). Red crosses mark tilt angles higher than 45° and blues crosses mark tilt angles lower than −45°. Data was
collected on a Titan Krios [ST/K3]. A/B: 47 tilt series with a cycling target defocus between 2 and 5 µm and a step size of 0.5 µm. Defocus change is over 2 µm per tilt
series (A) and shows approximately linear dependence on tilt angle (B). C/D: 36 tilt series with a target defocus of 5 µm and tilt angle-dependent defocus correction
determined by CTF analysis of a calibration tilt series. Calibrations can compensate for defocus change in an angular range of± 45°. E/F: 9 tilt series with a cycling
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Grey tilt series in (E) were taken at the same stage position without applying the defocus correction. Calibrations can reduce defocus change within ~1 µm at an
angular range of± 45°.
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axis and further consolidated that fluctuations in specimen shifts de-
pend primarily on specimen geometry. Overall, these results showed
that the FISE tilt series acquisition is usable for the collection of large
datasets with minimal extra effort and results in vast time savings.

2.4. Z-shift compensation by defocus changes

Having addressed specimen movement in the x- and y-directions,
we set out to investigate specimen movement along the z-axis. By
Contrast Transfer Function (CTF) estimation, we determined the de-
focus values of individual tilts from the 47 tilt series that were collected
on MACs. The changes in z-height throughout the tilt series remained in
the order of a few microns (Fig. 3A). We found that the z-shift behaved
predictably with an approximately linear dependence on the tilt angle
(Fig. 3B, also seen by Chreifi et al., 2019).

To compensate for the z-shift, we determined the slope of the de-
focus over the tilt angle for one tilt series using CTF estimation by gctf
(Zhang, 2016) and applied a tilt-dependent defocus shift (as described
previously by Ziese et al., 2002) to 36 tilt series collected on the same
specimen. The resulting defocus spread was less than 1 µm for tilt an-
gles between −45° and+ 45° in over 90% of the collected tilt series
(Fig. 3C/D).

Using currently available software, it is not straightforward to ac-
curately and reliably estimate the CTF of a high tilt angle micrograph
on the fly. Hence, we used the beam-tilt routine of SerialEM to measure
the defocus (Koster et al., 1987) at four tilt angles to approximate the
defocus slope during the collection of the image shift calibrations.
Applying a compensating defocus change to FISE tilt series showed a
considerable improvement of defocus spread (Fig. 3E and F) to almost
the same level of accuracy as obtained by defocus slope determination
by CTF estimation using gctf.

The achieved z-shift compensation by defocus calibrations was
adequate for most targets, but not sufficient when precise and con-
sistent defocus is required, like for the use of a Volta phase plate
(Khoshouei et al., 2017).

2.5. Data quality and subtomogram averaging

For the FISE approach to be widely adopted, it must be able to
provide high-resolution data for subtomogram averaging. Previously,
data quality of FISE tilt series was analyzed by visual inspection and
cellular subtomogram averaging of methyl-accepting chemotaxis pro-
tein arrays to an estimated resolution better than 2.5 nm (Chreifi et al.,
2019). An increasing number of studies, however, report subtomogram
averaging projects that result in structures at sub-nanometer resolutions
(Schur et al., 2016; Mattei et al., 2018; Hutchings et al., 2018). Hence,
we used the E. coli 70S ribosome as a benchmarking sample to test the
capabilities of the FISE method for subtomogram averaging. We re-
corded a dataset of twelve FISE dose-symmetric tilt series on a Titan
Krios [ST/K3] in less than 50min to obtain a subtomogram average
(Fig. 4A). 11’251 particles were picked by template matching in em-
Clarity (Himes and Zhang, 2018) and subtomogram averaging of 9’923
final subvolumes yielded a map at a subnanometer resolution (Fig. 4B),
which is supported by visible secondary structure features like rod-
shaped alpha-helices and ribosomal RNA double helices (Fig. 4C).
These results demonstrate that drift settling and precise autofocus,
which are the most time-consuming components of conventional tilt
series acquisition schemes, are not resolution-limiting for most tomo-
graphy specimens and therefore can be omitted for considerable
throughput benefits.

3. Conclusions

Many software improvements over the last decade made robust
acquisition of tilt series possible even at small pixel sizes. Omitting
important steps of current acquisition schemes including tracking, drift

settling, backlash correction and autofocus, might seem like a step
backwards when it comes to data quality. Here we showed, however,
that the combination of recent advances in hardware, such as fast direct
electron detectors, with basic calibrations enables robust FISE data
acquisition even on previous generation Titan Krios holders. Significant
loss of field of view can be avoided and data quality is sufficient for
most cellular and in vitro structural studies. The FISE acquisition scheme
drastically reduces data collection times and is capable of producing
subtomogram averages at sub-nanometer resolution. Cellular tomo-
graphy, in particular, will experience major benefits from the FISE
method where it will remove the throughput barrier for in situ studies of
low abundance targets within cellular volumes.

Future enhancements of data acquisition software might improve
the robustness of the technique through on the fly analysis of output
frames for specimen shift and defocus, in order to refine the pre-
determined calibration values. With the increased throughput in data
collection, other steps of the pipeline will become time limiting. Efforts
should be continued to explore new methods for the automation of
target selection on the grid (Schorb et al., 2019), the alignment of tilt
series, the segmentation of tomograms, and the picking of sub-
tomograms by template matching and template-free structural pattern
mining (Himes and Zhang, 2018; Chen et al., 2017; Hrabe et al., 2012;
Castaño-Díez et al., 2012; Winkler, 2007; Xu et al., 2019). Together,
these developments will make cryoET a high-throughput method that is
capable of analyzing the spatial and temporal distribution of macro-
molecules as well as their structure in situ.

4. Materials and methods

4.1. MAC sample preparation

MACs were purified as described previously (Shikuma et al., 2014).
Briefly, Pseudoalteromonas luteoviolacea was grown in 50ml Marine
Broth (MB) media in 250ml flasks at 30 °C for 5–6 h. Cells were cen-
trifuged for 30min at 7’000g and 4 °C and resuspended in 5ml cold
extraction buffer (20mM Tris, pH 7.5, 1M NaCl). Cultures were cen-
trifuged for 30min at 4’000×g and 4 °C and the supernatant (SN) was
isolated. 1% Triton X-100 was added to the SN and incubated at 20 °C
for 15min. The SN was centrifuged for 30min at 7’000×g and 4 °C. The
pellet was resuspended in about 50 µL of residual buffer and mixed with
Protein A-conjugated 5-nm colloidal gold (Cytodiagnostics Inc.) before
plunge freezing. Plunge freezing was performed according to Weiss
et al., 2017. 4 µL of sample was applied to glow-discharged EM grids
(R2/1 copper, Quantifoil), blotted twice from the back for 3.5 s and
vitrified in liquid ethane–propane (37 v/v% ethane) using a Vitrobot
Mark IV (Thermo Scientific).

4.2. 70S ribosome sample preparation

500ml of E. coli DH5alpha were grown in Luria-Bertani broth (LB)
to an absorbance at 600 nm (OD600) of about 0.6 and harvested by
centrifugation at 6’500g for 15min at 4 °C. Cells were resuspended in
3ml lysis buffer (20mM Tris-HCl pH 7.5, 100mM KOAc, 10mMMg
(OAc)2, 0.5 mM CaCl2, 1 mM Dithiothreitol (DTT), 30 µg/mL chlor-
amphenicol, 100 µg/mL Lysozyme, 30 µg/mL DNAse I) incubated at
20 °C for 30min and frozen at −20 °C. The lysate was thawed and cell
debris was removed by centrifugation at 20’400g and 4 °C for 30min.
Cleared lysate was layered on top of 400 µL sucrose cushion [20mM
Tris-HCl pH 7.5, 100mM KOAc, 10mMMg(OAc)2, 1 mM DTT, 30 µg/
mL chloramphenicol, 750mM sucrose] and spun at 417’200×g and
4 °C for 1 h. The pellet was washed twice with 50 µL resuspension buffer
[20mM Tris-HCl pH 7.5, 100mM KOAc, 10mMMg(OAc)2, 1 mM DTT,
30 µg/mL chloramphenicol] and resuspended in 150 µL resuspension
buffer. Before plunge freezing the sample was diluted 1:50 and 10 nm
colloidal gold fiducials (Aurion BSA tracer 10 nm) were added. 4 µL of
sample was applied to glow-discharged EM grids (Cu 200 R2/2,
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Quantifoil), blotted for 3 s and vitrified in liquid ethane using a Vitrobot
Mark IV (Thermo Scientific).

4.3. Tilt series acquisition and data processing

CryoET data were collected on three Titan Krios (Thermo Scientific)
transmission electron microscopes equipped with a Quantum LS ima-
ging filter (Gatan, slit with 20 eV), single-tilt axis holder or dual-tilt axis
holder and K3 or K2 direct electron detector (Gatan) (Table S1). Tilt
series were acquired with the software SerialEM (Mastronarde, 2005,
Schorb et al., 2019) using the FrameSeriesFromVar command to setup a
FISE dose-symmetric tilt scheme with per tilt applied image shifts and
defocus changes. The angular range was −60° to +60° and the angular
increment was 3° unless specified otherwise. The total electron dose
was between 120 and 150 electrons per Å2 and the pixel size at spe-
cimen level was 2.1 Å for the 70S ribosome data set and 2.7 Å or 2.8 Å
for other data sets from Titan Krios [ST/K3] and Titan Krios [DT/K2],
respectively. Tilt series were saved as single stack of frames and sub-
sequently separated using a custom python script. Frames were aligned
with IMOD (Mastronarde, 1997), defocus was estimated using gctf
(Zhang, 2016) and micrographs were exposure-filtered (Grant and
Grigorieff, 2015). Specimen shifts were estimated using the IMOD
function tiltxcorr, tilt series were aligned using gold fiducials, CTF was
corrected using IMOD and three-dimensional reconstructions were
calculated by weighted back projection using IMOD.

4.4. 70S ribosome subtomogram averaging

Tilt series were aligned as described above, but CTF estimation and
correction as well as exposure-filtering were performed using emClarity
(Himes and Zhang, 2018). 11’251 particles were picked from twelve
tomograms by emClarity template matching using EMD-6311 as tem-
plate. Particle extraction, alignment and averaging was performed
using the emClarity pipeline. Using template matching alignment
parameters, particles were aligned 4×4-binned for three iterations.
Duplicate particles were removed and alignment was continued for
three iterations using 2×2-binned tomograms, before seven iterations
of alignment of un-binned particles. Particles were classified into four
classes according to the presence of the 40S subunit using PCA and k-
means clustering in emClarity. One class representing 50S subunits was
excluded and the remaining 9’923 particles were aligned for one more
iteration. The gold standard Fourier shell correlation curve was calcu-
lated by emClarity (Fig. 4B).

4.5. Data deposition

Subtomogram averages were deposited in the Electron Microscopy
Data Bank (EMDB accession code: EMD-10211), and tilt series in the
Electron Microscopy Public Image Archive (EMPIAR accession code:
EMPIAR-10304).

SerialEM scripts are available at The SerialEM Script Repository
(https://serialemscripts.nexperion.net/) and a python script extracting
tilt images from a FISE frame stack is available on https://github.com/
feisenstein/FISE.
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Fig. 4. FISE tilt series acquisition can generate a sub-nanometer average. A: Subtomogram average of the E. coli 70S ribosome obtained from FISE tilt series. Blue:
large subunit, yellow: small subunit. B: Gold standard FSC curve calculated using emClarity. C: Subtomogram average fitted with the atomic model of a 70S ribosome
(PDB 5MDZ). Note the visibility of secondary structure features like rod-shaped alpha helices (yellow) and ribosomal RNA double helices (blue).
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