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Cryo-electron tomography (cryo-ET) is a powerful tool for visualizing complex biological systems in-
situ and in 3D [1]. In cryo-ET, a series of images are acquired while the specimen is incrementally tilted,
the information is combined computationally to reconstruct a 3D tomogram [2]. Sub-tomogram
averaging (STA) can then be applied to sub-classes of particles in a tomogram. The particles are
averaged to produce higher signal-to-noise and higher resolution structures [3]. Currently, the highest
resolution STA are sub 4 A [4], however, this is a-typical and most STA are in the 10 to 25 A range [1].
The pursuit of high-resolution STA generally constrains the field of view within one tomogram because
of pixel size and sampling requirements [5]. Biological samples under cryo-conditions are extremely
dose intolerant [1] and this restricts both the applicable total dose and possibility of sampling the same
object more than once at different magnifications for tilt series collection. To overcome some of the
challenges associated with cryo-ET of biological specimens, we demonstrate our adaption of montage
tilt series collection [6] for cryogenically preserved samples.

Briefly, we implemented a beam/image-shift montage acquisition scheme to acquire overlapping tiles of
regular arrays (Figure 1A, B) at each tilt angle. We considered the beam size relative to the camera
frame and illuminated area, and to account for the impact of Fresnel fringes [7], and options for
automated stitching [8]. At a constant magnification (pixel size 1.5 to 7 A) and defocus (- 5 um) typical
for cryo-ET, linear relationships were observed between illuminated areas on a triple-condenser lens
Titan Krios system (non-fringe-free regular system), the beam projected on the camera plane, and the
associated fringeless illuminate area. We benchmarked montage cryo-ET at the magnification of 4.6 A
per pixel (EFTEM, 20 eV GIF) and found that an optimal overlap of 15 to 20% in the fringe-impacted x-
axis and 10% in fringe-less y-axis on a regular 5k x 4k rectangle K3 camera achieves consistently
automated seamless stitching. Regular 3x3 or 3x4 cryo-ET montages produce 6.8 x 5.3 um or 7.8 X 6.5
um fields of view (FOV), respectively, compared to a single view of 2.6 x 1.8 um (4.6 A per pixel).
Increases in TEM magnification also increases the impact of Frensnel fringes on individual image tiles,
leading to stitching artifacts along overlapping tile zones even when an enlarged illuminated area was
adopted for compensation (Figure 1A). To spread the uneven accumulation of dose over the overlapping
zones, we further employed an additional global translational shift of up to 0.8 um extending from the
central tile of a montage pattern (Figure 1B), as suggested by simulation results from TomoGrapher
(Figure 1C, https://github.com/wright-cemrc-projects/cryoet-montage), an open-source simulation tool
we developed to visualize and optimize tilt series collection routines and dose accumulation. Via a
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regular 3x3 montage cryo-ET, we were able to capture an extended FOV of a thin cryo-FIB milled
lamella of a vitrified A549 cell [9] (Figure 1D).

To maximize the throughput, we explored the application of individual tile tilt series and independently
reconstructing them into tile tomograms. We compared the defocus, CTF estimation, and Fourier space
information of the stitched montage tilt series and individual tile tilt series at different tiling locations.
Correlation with TomoGrapher simulations, we determined the impact of translation, dose, and overlap
stitching on preserving high-resolution information for STA of the respiratory syncytial virus (RSV) F
glycoprotein. As shown in Figure 2, we observed RSV F pairs oriented in an anti-parallel symmetrical
conformation, relative to the M matrix underneath, as reported in previous data sets collected via regular
tilt series schemes [10].

In summary, we demonstrate that montage cryo-ET is a robust workflow suited for capturing both
comprehensive fields of view and preservation of high-resolution structural information for downstream
STA. By using regular array montage image-shift cryo-ET, the overall data collection throughput was
increased and post-processing workflows were flexible and supported both segmentation and STA [11].
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Figure 1. Extended field of view of cryogenic lamella of a mammalian cell via montage cryo-ET. (A-B)
Montage cryo-ET collection scheme coupled to simulations in (C) TomoGrapher. (D). Left: 3x3
montage cryo-ET of lamella show 6.8 x 5.3 um landscape versus a single regular tilt series (red boxed)
of 2.6 x 1.8 um at 4.6 A per pixel; Right: enlarged views to show ultrastructural details of mitochondria
ATPase (green arrow) and nuclear pore complex (blue arrow).
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Figure 2. Individual tile tomograms from 3x3 montage cryo-ET collection of RSV filaments. (A-B)
Different z-slices of tile tomograms reveal structural information of ribonucleoprotein (cyan arrow) and
RSV F glycoprotein pairs at 4.6 A per pixel. (C-E) Sub-tomogram averages of RSV F pairs (n = 2250)
slicing through from the bottom to the top (E) showing the M matrix underneath (black boxed views in
E). Isosurface renderings of the F pair in (C) with F pre-fusion trimer models (PDB: 5w23). The volume
was low pass filtered to 35 A.
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