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Cryo electron microscopy (cryo-EM) has become a method of choice in structural biology to analyse isolated complexes and cellular structures. This implies adequate imaging of the specimen and advanced image processing methods to obtain highresolution 3D reconstructions. The use of a Volta phase plate in cryo-EM drastically increases the image contrast while being able to record images at high acceleration voltage and close to focus, i.e. at conditions where high-resolution information is preserved best. Higher contrast images behave better during image processing because they can be better aligned and classified resulting in lower data amount requirement and increased data quality. Here we give step-by-step guidelines how to set up high quality VPP cryo-EM single particle data collections, as exemplified by human ribosome data acquired during a one day data collection session. Further, we describe specific technical details in image processing that differ from conventional single particle cryo-EM data analysis.

Introduction

Visualisation of biomolecules relies on good image contrast, which in cryo electron microscopy (cryo-EM) is almost entirely achieved by phase contrast. Macromolecular complexes are weak phase objects resulting in very low contrasted images when they are imaged in focus (1). Changes in imaging, such as the usage of lower voltage (2, 3) and defocussing (4) are traditionally implemented to generate higher contrast. Insertion of a phase plate in the back-focal plane instead of an objective aperture (Fig. 1) also allows imaging at high contrast with the advantage that imaging can be done at high voltage and very close to focus, typically two parameters that help acquiring strong high frequency components, i.e. the high-resolution data. This can be achieved by an additional negative phase shift between the sample-scattered and the un-scattered electrons which results in a drastic increase of the sample-scattered image intensities.

Various phase plate approaches (5-9) have been tried in the past, but the one that now allows routine usage for data collection both for single particle cryo-EM and cryo electron tomography (cryo-ET) is the Volta phase plate (VPP) (10).

The VPP is constituted of a thin carbon film placed in the back-focal plane of the optical system; exposure to the electron beam induces a phase shift which increases with the exposure time, i.e. it is an effect building up under cumulative dose (10). Phase shifts from ~45-135 degree were shown to be optimal for image processing (11), implying that the phase plate position needs to be changed on a regular basis when the phase shift becomes too high (e.g. after 1-2h or every 100-150 images, depending on imaging settings). The relatively easy handling, reproducibility and low level of artefacts makes the VPP currently superior to other phase plate developments, such as the Zernike phase plate (6, 12, 13) and electrostatic phase plates (5, 7, 9), but there are nevertheless specific aspects to be taking care of on the electron microscope before starting a data collection (e.g. constant heating temperature, check for low contamination, VPP centering, etc. as detailed below). When a VPP is used, the increase in contrast correlates with an increasing phase shift. After a phase shift of ~90 degrees the low resolution information takes overhand leading to increased image blurring [START_REF] Danev | Using the Volta phase plate with defocus for cryo-EM single particle analysis[END_REF].

It needs to be mentioned that the estimation of the contrast transfer function (CTF) is not yet well understood at phase shifts beyond 180 degrees. Therefore, even though it was suggested that high resolution structures can be obtained from data including high phase shift images (14) it is not advised to use images with a phase shift higher than 180 degrees. Additionally, it is advisable to collect VPP cryo-EM data with a small defocus (11), even though in-focus (11) and even over-focus data (15) collections were shown to be usable in image processing leading to structures in the 3 Å range. Defocus VPP data collection is beneficial in terms of i) automatically setting up the defocus target in the microscope, ii) estimation of the correct CTF and iii) speed of data collection (11, 16).

The huge advantage of using the VPP for single particle data collection is the high contrast obtained that helps aligning the particles (10, 11, 16) so that structures of proteins down to a size of 50-80 kDa (17-19) can be solved to 3-4 Å resolution by single particle image processing approaches (provided sample homogeneity and particle distribution etc. are good). It also facilitates 2D particle classifications and 3D classifications of the reconstructions using various structure sorting approaches (20-23), structure refinement with focused classifications and refinements (24, 25), and it facilitates cryo-EM map interpretation and atomic model building (26). The VPP is a promising tool also for acquiring cryo electron tomograms to increase the visibility of otherwise too noisy samples, which allows better segmentation and interpretation of the data [START_REF] Khoshouei | Subtomogram analysis using the Volta phase plate[END_REF][START_REF] Rast | Biogenic regions of cyanobacterial thylakoids form contact sites with the plasma membrane[END_REF].

In this article we describe a hands-on protocol for setting up a successful VPP cryo-EM data collection session including practical hints on how to overcome difficulties that can occur during alignment of the VPP for data collection and for CTF estimation during image data processing.

Materials

2.1 Cryo-EM grids suitable for single particles data collection. These can be for example Quantifoil or C-flat grids with regular hole sizes and regular spacing in between them. Irregular grids (e.g. Lacy) are also possible but will reduce throughput and ease of setting up automated data collection.

2.2 A cryo electron microscope equipped with a VPP, which is inserted instead of an objective aperture. In our case a Titan Krios electron microscope (Thermo Fisher Scientific) is used.

Software for automated data collection such as EPU (Thermo Fisher Scientific) or

SerialEM (29) 2.4 A GPU machine with programs for data processing installed (here: GCTF, Motioncor2, Excel or OpenOffice)

Methods

The VPP is very sensitive mechanically and with respect to the electron beam and it can contaminate easily. It needs to be removed every time when changing the grid in the microscope to avoid contamination of the VPP. Additionally, to avoid contamination of the VPP during data collection the heating current of the VPP should be set at around 25 mA to achieve a stable temperature of ~ 200°C, and the heating device should remain on to obtain a stable temperature; in case of vacuum failure of the microscope the heating should be switched off to avoid oxidation of the VPP carbon foil.

1. Go to Eucentric height and desired recording magnification and set Eucentric focus.

Choose the 50 μm condenser aperture. 5. Additional condenser astigmatism (Figure 1) can be removed by ticking the condenser box in the apertures tab additionally to the "MF-Y fine focus back-focal plane" box and turning MF-X and MF-Y buttons.

6. Go to the Alignments tab and chose "Align PhasePlate" and then "Phase Plate μP: microprobe mode". Perform all steps by following all the instructions (see Note 2).

Then move on to "Phase Plate nP: nanoprobe mode" and perform all steps following the instructions. This procedure sets the diffraction lens value that focuses on the phase plate and also sets accurate beam shift pivot points on the phase plate (see Note 3), so that the same position of the VPP is exposed in focus and exposure settings, which is important to keep the phase shift relatively similar. The alignments should be repeated until the settings do not need to be changed anymore. 12. Change the grid to the specimen grid and acquire a grid map in low magnification. [START_REF] Murata | Zernike Phase Contrast Cryo-Electron Microscopy and Tomography for Structure Determination at Nanometer and Sub-Nanometer Resolutions[END_REF]. Choose suitable areas for data collection in the grid map, ensure the image shift is minimal and acquire medium magnification images of the grid squares.

14. Select suitable areas for data collection, decide about the maximum number of images to be acquired per hole and define focussing area.

15. Go to an empty area on the grid, choose the spot size for imaging. Decide about the target dose and fractionation scheme, insert the phase plate and repeat steps 3 and 4 immediately before starting the data collection. [START_REF] Loeffelholz O Von | Volta phase plate data collection facilitates image processing and cryo-EM structure determination[END_REF]. Take an image in record settings to ensure that there are no artefacts created by the VPP (these can be recognized from shades over the image of an empty grid square (Fig. 1) or uneven contrast of particles inside the image (Figure 2D andE)). 17. Move to an area with carbon and correct the astigmatism induced by the phase plate with the objective stigmator. Therefore, the approximate target defocus range (e.g. for -500 nm set target defocus, search between -200 and -1200 nm) and phase shift (e.g. 10-180°) should be set in the search to restrict the program search, which will avoid misinterpretations of the program. Images taken with high phase shift can easily be interpreted as higher defocus images instead (see Figure 2B andC).

22. Plot the estimated phase shifts of the aligned movies (e.g. with Microsoft Excel) in the order the movies were taken. For each phase plate position the phase shift should build up gradually until it reaches a plateau as shown in Figure 2A (see Note 6). This can be done after the collection of ~100 images. The change of the phase plate position should be set to a time/number of exposures that corresponds to the time needed for the phase shift to reach a plateau at around 140° (so that the phase shift range of the data lies between 90° and 135°). Here the exact number of degrees is less important than the quality of the overall aligned images and the plateau-behaviour of the phase plate (see notes [START_REF] Frindt | In-focus electrostatic Zach phase plate imaging for transmission electron microscopy with tunable phase contrast of frozen hydrated biological samples[END_REF][START_REF] Majorovits | Optimizing phase contrast in transmission electron microscopy with an electrostatic (Boersch) phase plate[END_REF][START_REF] Walter | Towards an optimum design for electrostatic phase plates[END_REF]. The change of the phase plate position can be done automatically by an independent auto-clicking program (e.g. ClickWhen) or inside the data collection program (e.g. EPU (Thermo Fisher Scientific))

Notes

1. The condenser aperture can be enlarged to 100, if it is hard to see any features on the fluorescence screen. Additionally, the magnification can be increased momentarily.

2. Both modes, microprobe and nanoprobe, need to be aligned even if only one of the modes is used for data collection.

3. It may happen that this procedure changes the Diffraction Astigmatism. Therefore, one can reset the diffraction astigmatism in Diffraction mode (VPP retracted because of the strong crossover beam to protect the VPP) using the "Diffraction" box in the "Stigmator" tab.

4. Since data collection is rather close to focus, it is important to focus precisely to avoid massive data loss due to in-focus or over-focussed images.

5. It should be ensured that Thon rings are clearly visible in the Power spectra. If the signal of the images is so low that at -500 nm defocus only one or no Thon rings are visible, the target defocus should be increased.

6. If the phase shift plot does not show a gradual increase of phase shift over time/exposure dose, it may indicate that either the phase shift estimation is not correct, the beam shift pivot pints on the VPP are not set correctly or the VPP is not in the backfocal plane; see steps described above.

7. Phase shifts around 135-180° are more difficult to process because of image blurring.

Phase shifts beyond 180° an currently not be used in CTF correction. Also certain error proneness in the correctness of the programs reporting the phase shift needs to be considered. Therefore, it is advisable to consider the behaviour of the phase shift over time (Figure 2A) rather than the phase shift degree values.

8. The accumulative dose for phase shift activation can change during ageing of the VPP. Therefore, it is advisable to monitor the phase shift behaviour during each data collection. 9. For tomography, data acquisition with a gradual phase shift increase is inconvenient.

Therefore, the phase plate should be activated to a phase shift of ~ ½ π (90°) before the tilt series data collection is started (i.e. close to the above described plateau; this helps to have similar phase shift values within a tilt series). 10. Occasionally, small contaminations on the VPP induce a non-equal phase shift inside an image. These contaminations can be permanent or not (some may disappear during exposure to the electron beam).

11. The astigmatism induced by the VPP could vary in some pre-set positions on the VPP. It may be possible to exclude VPP positions with high astigmatism by scripting before data collection. (e,f) Cryo-EM image of human ribosomes collected with a contaminated VPP.

2 .

 2 Perform direct alignments procedure including beam pivot points, beam shift, rotation centre on a Cross Grating grid. 3. Move to an empty area on the grid and decide about the Spot size used for data collection. Insert the phase plate (instead of an objective aperture). Insert the fluorescence screen. 4. Bring the phase plate in the back-focal plane. Therefore tick the box "MF-Y fine focus back-focal plane" in the phase plate tab and turn the MF-Y button until a minimum of artefacts are seen, e.g. stripy or cloud-like shades (close to the back-focal plane) or white or black contamination spots (far from the back-focal plane; Figure 1, see Note 1).

7 .

 7 Retract the phase plate.

8 .

 8 If present, perform a full alignment of the Quantum energy filter in suitable software. 9. In case the microscope contains a Cs corrector: go to eucentric height on a flat area of the grid and use the image corrector software to align the corrector. 10. If necessary, realign the rotation centre again.11. Acquire Gain and Dark references on an empty grid square.

18 .

 18 Move to the next position of the VPP. 19. Start automated data collection with only one fixed defocus (e.g. -500 nm) or a small target defocus range (differing only by -200--600 nm) and focussing at every stage position (see Note 4, 5). Here, the difference between the set and the actual defocus taken as well as the point spread function at higher defocus values should be taken into account when setting the target defocus. 20. Align movie frames e.g. with MotionCor2 program (30, 31), WARP (32) or other software. 21. Estimate the CTF of the micrographs (e.g. Gctf (33), CTFfind (34), WARP (32)).

Figure 1 :

 1 Figure 1: Placement of the VPP into the back-focal plane

Figure 2 :

 2 Figure 2: Monitoring of the phase shift during VPP cryo-EM data acquisition

( d )

 d Shadows appearing in a cryo-EM image of human ribosomes collected with a VPP that was not inserted well in the back-focal plane.
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