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Workflow Summary

The main goal of this tutorial is to illustrate the combination of different tomography software
packages in the same Scipion project. Therefore it does not pretend to achieve high quality
reconstructions or analyze the biology of the sample, it only attempts to illustrate some
possibilities that ScipionTomo offers in image processing. Here is a brief summary of the
steps that will be done:

1.

2.

Import Tilt series. The Tilt series images are loaded, with all acquisition parameters
of the microscope session. The result will be a Scipion object called Set of Tilt Series.
Preprocessing Tools: The imported Set of Tilt series is processed, removing the
X-ray peaks, applying dose filtering and binning to speed up the later steps.

CTF estimation. The aberrations and defocus of the microscope are estimated from
the tilt series. The result is a Scipion object named Set of CTFTomoSeries.

Tilt series alignment. The images of the tilt series must be shifted and rotated to
find the tilt axis. Several results will be obtained in this step: A LandMark Model,
Interpolated Set Of Tilt series, non-interpolated Set Of Tilt series. These terms will be
explained in the corresponding section.

Tomogram Reconstruction. Once the tilt series are aligned the tomogram is
reconstructed. We will use different algorithms like SIRT or WBP (weighted Back
projection). The result will be a Set Of Tomograms.



1. Getting Started.

About Scipion

Scipion is an integrative framework for image processing of cryoEM data, in
particular: Single Particle analysis, modelling and electron tomography data. It
incorporates as plugins the most common software packages as they are: RELION,
cryoSPARC, IMOD, XMIPP, EMAN, DYNAMO among many others. Scipion provides
a standard way of communication to allow the interoperability between packages, full
tracing of the image processing, and analysis/visualization tools.

Important: Scipion does not modify the original binaries of the integrated
software, it just provides a wrapper, where those binaries can be executed in a
user-friendly environment.

If you use Scipion, we really appreciate it if you cite it (J.M. de la Rosa-Trevin et. at.
2016)
For more information visit our website: http://scipion.i2pc.es/

Scipion installation

To use this tutorial Scipion must be installed in the machine. The instructions about
how to install Scipion can be found in the next link

https://scipion-em.qgithub.io/docs/index.html

Plugin Requirements

The installation of the Plugins is independent on the Scipion, and they can be
installed with the Plugin Manager, or alternatively by command line.

This tutorial will make use of the next ones:
Scipion-em-tomo

Scipion-em-imod
Scipion-em-tomo3d
Scipion-em-gctf

Scipion-em-cistem
Scipion-em-emantomo
Scipion-em-novactf
Scipion-em-xmipp
Scipion-em-xmipptomo



https://doi.org/10.1016/j.jsb.2016.04.010
https://doi.org/10.1016/j.jsb.2016.04.010
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https://github.com/scipion-em/scipion-em-jjsoft
https://github.com/scipion-em/scipion-em-gctf
https://github.com/scipion-em/scipion-em-cistem
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https://github.com/scipion-em/scipion-em-novactf
https://github.com/I2PC/scipion-em-xmipp
https://github.com/I2PC/scipion-em-xmipptomo

Data Download

The used data for this tutorial can be found in this link, which contains two small
subsets of the EMPIAR entries EMPIAR-10453 (SarsCov2 - Turonova et. al. 2020)
and EMPIAR-10364 (E. coli minicells - Burt et.al. 2020)

Download the data tutorial here, in the folder day 1:

Contact us

We want to hear from you! Any comment, question, or complaints regarding this
tutorial, the use of Scipion or xmipp can be sent to these emails:
scipion@cnb.csic.es, xmipp@cnb.csic.es.

Also you can follow us on our social media

Twitter: https://twitter.com/instructi2pc

Tutorials about Scipion use, and cryoEM seminars can be found on your YouTube
channel

Youtube: https://www.youtube.com/user/BiocompWebs

We also have a slack channel where our most active members keep in touch daily.

You can request access on scipion@cnb.csic.es


https://www.ebi.ac.uk/empiar/EMPIAR-10453/
https://www.ebi.ac.uk/empiar/EMPIAR-10364/
http://scipion.cnb.csic.es/downloads/scipion/data/tutorials/tomography/
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mailto:xmipp@cnb.csic.es
https://twitter.com/instructi2pc
https://www.youtube.com/user/BiocompWebs
mailto:scipion@cnb.csic.es

2. Import data

Note: If you are new in Scipion, check our documentation about how to create a new

project (https://scipion-em.github.io/docs/docs/user/scipion-gui.html#scipion-gui)

First step is to have the raw images in the Scipion project. Scipion provides many different
kinds of imports: SetOfTomograms, SetOfCTF3D, SetOfCoordinates, or
SetOfSubTomograms, among others. In this tutorial we will show how to import a
SetOfTiltSeries.

Note: The import is the unique action (leaving out some exceptions) where a user has to
interact with files. Once the data is imported into the project, Scipion carries out the files
management during the image processing, enhancing the usability.

Import of the Tilt series

The import of tilt series is carried out by means of the Scipion protocol called Import
tilt-series, located in the left-side panel in the Tomography tab. Alternatively, it can be
found by searching in the search box of Scipion (Ctrl+F), and typing key words like: import.
The Scipion search box also allows searching by keywords like import, or tilt, or tilt series...
and therefore identifying the protocol in the deployed list of protocols.

The form of the import looks like Figure 2.1.

Protocol Run: ProtimportTs

{& Protocol: tomo - import tilt-series zCite @Help
Run
Run name tomo - import tilt-series (2) # Comment s
Host localhost J
Use queue? Yes « No s @
Wait for )

Expert Level - Normal ~ Advanced

Import} Streaming}
Import
Files directory =
Pattern
Tilt info
Import angles from += Range Header Tht @
Tilt angular range min |-60.0 max |60.0 step 3.0 @
Acquisition info - override mdoc values if provided
Microscope voltage (kV)
Magnification rate
Pixel size (sampling rate) A/px
Tilt axis angle (deg.)
Dose (electrons/sq.A) initial dose 0.0 Dose per tilt image e

% Close B Save

Figure 2.1. Import tilt series form



https://scipion-em.github.io/docs/docs/user/scipion-gui.html#scipion-gui

The import tilt series has different possibilities to load the data into the Scipion project. The
different options are the ones provided in the Tilt info box of the form, see Figure 2.1.
However, Scipion also offers a more convenient and flexible import, the import from mdoc
files. These files are generated during the acquisition session by SerialEM (and more
recently, Tomo5), and contain all microscope parameters, the most important and relevant to
the image processing: pixel size, tilt axis orientation, defocus or dose among others. It also
contains many other parameters like the voltage of the electron gun, magnification, exposure
time or spot size of the beam...that in general are not relevant for the image processing.

Note: Scipion team highly recommends importing with mdoc files.

In this tutorial, we will use the import tilt series using the mdoc files. To do that we select in
the files directory box of the form the folder where the mdoc files are (see Figure 2.2). The
option of importing with mdoc files is carried out by typing *.mdoc in the pattern box. In the
moment when the user type *.mdoc the options of Tilt info box should disappear (see figure
with the form filled in). In the help button of the pattern box, tips about how to introduce the
pattern are explained. In this tutorial the user will type *.mdoc, meaning that all files with
extension mdoc of the Files directory folder will be imported. Finally, just click on execute
and Scipion will import the tilt series.

Note: Importing with mdoc the parameters of the Acquisition info box are not
required. However, they are enabled to be fulfilled just in case the information of the
mdoc file could be not fully correct, or even if the user wants to refine some
acquisition parameters.

Protocol Run: ProtimportTs

{® Protocol: tomo - import tilt-series finished Cite @Help

Run name tomo - import tilt-series # Comment #

Run mode + Continue Restart @ Host ocalhost |
Use queue? Yes =« No ]
Wait for

<]

Expert Level - Normal - Advanced
| mport} Streaming ]
Import
Files directory fhome/vilas/workshopDic/subsetGoodTS/ =@
Pattern *.mdoc @

Acquisition values provided below will
override the mdoc corresponding values

Acquisition info - override mdoc values if provided

Microscope voltage (kV) e

Magnification rate e

Pixel size (sampling rate) Alpx|:| e
Tilt axis angle (deg.)

Dose (electrons/sq.A) Initial dose (0.0 Dose per tilt image @

% Close ‘ ‘ Execute

Figure 2.2. Tilt series import from .mdoc file. Only the Files directory and the pattern are
mandatory, the rest of boxes can be empty.




The result of the import will be a SetOfTiltSeries that can be observed as output in the lower
part of the Scipion main window (see Figure 2.3). In this case, 3 tilt series composed of 41
images with dimensions 5760x4092 images have been imported with pixel size 1.33A.
Moreover, Scipion points out that they were imported from mdoc files as well as the path of
the mdoc. By right-clicking on the output (in the summary - lower part of the main Scipion
window) we can analyze the output with a different viewer. The Analyze result button (in red)
will open the output with the default viewer Scipion GUI

Project Help

f® SCIPION v3.0.9 - Eugenius - 3.0.18 (core)

View Tomography
- Tomography g

< Imports

TDtomo -
TDtomo -
TDtomo -
TDtomo -
TDtomo -
T2Imod -
T2Imod -

»more

impc
impc
impc
impc
impc
Impc¢
Impc¢

~ Movies/Microgt

T@tomo -

aver

T@xmipptomo
- Reconstruction
T@xmipptomo
TDemantomo
2jjsoft - denois
jisoft - align T
Jjjsoft - recons
Zjisoft - recons
TDAreTomo -

~ Particles

»®Picking
» @ Extract

< Preprocessing
TDtomo - assi¢
T2tomo - Tilt-g
TDtomo - split
Xmipp3 - crof.
2 Xmipp3 - prej
xmipp3 - filte

Dayl_Import_CTF_Alignment_Reconstruction Protocols | Data

Summary Methods Output Log

®tomo - import tilt-series -> outputTiltSeries

Imported tilt-series from:

Sampling rate: 1.33 (A/px)

View: Tree J& CRefresh

PROJECT

tomo - import tilt-series
+ 22 more

Analyze Results

SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 A/px)

TS/

Figure 2.3: Result of the import of tilt series


https://scipion-em.github.io/docs/docs/user/scipion-gui.html#analyzing-results

3. Preprocessing Tools

In this section, some preprocessing tools previous to the tilt series alignment will be shown.
These tools are addressed to remove undesired effects (X-ray peaks), consider the radiation
damage (dose weighting) and speed up the computational time (binning). In all cases the
input is a SetOfTiltSeries as well as the output.

X-ray eraser

Imod References: Kremer 1996, Mastronarde 2017

The interaction of electrons with the sample can result in an X-ray generation that can be
detected by the camera. It results in very bright pixels in the images, therefore x-ray peaks
are an undesired effect to be corrected. Such a task can be carried out with the protocol
imod- Xray eraser. In Figure 3.1 the form of the protocol imod- Xrays eraser shown. The
input will be the imported setOfTiltSeries. The protocol also provides advanced options (in
grey) to modify the criterion of detection, in our case default values are enough.

Note: The output of each step can be checked in the lower panel of the main Scipion
window. The results can be visualized by right-clicking on the output object. A menu
appears and a viewer can be selected. See:

https://scipion-em.github.io/docs/docs/user/scipion-gui.html#analyzing-results

Protocol Run: ProtimodXraysEraser

Protocol: imod - X-rays eraser finished =Cite @Help
Run
Run name imod - X-rays eraser # Comment vy
Run mode = Continue Restart @ Host \Iocalhost J
Use queue? Yes « No s e
Wait for

Expert Level - Normal - Advanced
Input}
Input

Input set of tilt-series. tomo - import tilt-series.outputTiltSeries Qi@

Peak criterion 8.0

Difference criterion 6.0

Maximum radius (pixels) 4.2
Big difference criterion 19

x Close‘ ‘ Execute

Figure 3.1: imod-XRay eraser form, with the execution values (default values in this case)

The current state of the workflow can be observed in Figure 3.2.


https://doi.org/10.1006/jsbi.1996.0013
https://doi.org/10.1016/j.jsb.2016.07.011
https://scipion-em.github.io/docs/docs/user/scipion-gui.html#analyzing-results

genius - 3.0.18 (core) Dayl_Import_CTF_Alignment_Reconstruction Protocols | Data

DExpand ®Labels View: Tree & SRefresh
B
PROJECT

tomo - import tilt-series
finished

imod - X-rays eraser

+ 22 more
!
Analyze Results

Summary Methods Output Log
< Input

inputSetOfTiltSeries (from tomo - import tilt-series -> outputTiltSeries [outputTiltSeries]) SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 A/px)
< Output

@imod - X-rays eraser -> outputSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 A/px)

SUMMARY
Input Tilt-Series: 3.
X-rays erased output tilt series: 3.

Figure 3.2: State of the workflow. Result in the Scipion tree of the XRay eraser.

Dose Weighting

Imod References: Kremer 1996, Mastronarde 2017

Once the SetOfTiltSeries are free of X-rays peaks, the effect of the radiation damage is
taken into account by applying a dose correction. During the image acquisition the sample is
exposed to the radiation, and some images have received more dose than others. The dose
weighting attempts to compensate for this over exposure of some images by considering the
accumulated dose. The result will be another SetOfTiltSeries, but in this case with a dose
correction that makes the images look like a low pass filtered version of the original ones
(with a soft graining).

To carry out the dose whitening in Scipion the imod - dose filter protocol can be opened in
the left side panel (or Ctrl+F and searching dose filter in the search box). The form is shown
in Figure 3.3 in the advanced mode.

Note: The dose is managed in two different ways. 1) if the dose was introduced in the
import or taken from the imported mdoc files, then Scipion will take it automatically
from the database. This is the most normal scenario. 2) Alternatively, the user can set
the dose manually.


https://doi.org/10.1006/jsbi.1996.0013
https://doi.org/10.1016/j.jsb.2016.07.011

|

Protocol Run: ProtimodDoseFilter

Protocol: imod - Dose filter finished =Cite @Help
Run
Run name imod - Dose filter # Comment s
Run mode < Continue - Restart @ Host \Iocalhost 4
Use queue? © Yes =« No s
Wait for |

ExpertLevel - Normal < Advanced

Input}
Input
Input set of tilt-series to be filtered. imod - X-rays eraser.outputSetOfTiltSeries Qe
Initial dose (e/sqA) 0.0 e
Input dose source \Scipion import J @

® Close‘ = ‘ Execute

Figure 3.3: Imod - dose filter form with the corresponding parameter of this tutorial

The output is a SetOfTiltSeries dose filtered and can be found in the Summary of the lower
panel in the main Scipion window. Finally, the current state of the workflow is shown in
Figure 3.4.

genius - 3.0.18 (core) Dayl_Import_CTF_Alignment_Reconstruction

DExpand Labels

Protocols | Data

View:|Tree L& ©SRefresh
PROJECT

tomo - import tilt-series
finished

imod - X-rays eraser
finished

imod - Dose filter
+ 18 more

Analyze Results
Summary Methods Output Log|

< Input
inputSetOfTiltSeries  (from imod - X-rays eraser -> outputSetOfTiltSeries [outputSetOfTiltSeries]) SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 A/px)
~ Output

®imod - Dose filter -> outputSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 A/px)

SUMMARY
Input Tilt-Series: 3.
Transformation matrices calculated: 3.

Figure 3.4: Current state of the Workflow after applying the dose filter

Binning

Imod References: Kremer 1996, Mastronarde 2017


https://doi.org/10.1006/jsbi.1996.0013
https://doi.org/10.1016/j.jsb.2016.07.011

As we can observe in the summary of the previous protocol (imod - dose filter or any other
previous protocol), the SetOfTiltSeries is composed of 41 images with dimensions of
5760x4092 px. The large size of the tilt series implies a high computational burden, to
reduce it the tilt series will be binned. The binning can be found in the left panned
tilt-series->preprocess->imod - normalization (or Ctrl+F imod normalization).
Alternatively Tilt-series->preprocess->Xmipp- tilt series resize can be used, however in
this tutorial imod - normalization will be the chosen one. The form of imod - normalization
can be observed in Figure 3.5. A bin 4 parameter will be introduced in the form, which
means that the output SetOfTiltSeries will reduce their dimensions by a factor 4 presenting
a size of 1440x1024px.

Note: In this step we carry out a binning step with the aim of speeding up the
computational times of this tutorial for teaching purposes.

The result can be observed in Figure 3.6, showing the current state of the workflow and the

summary.
ﬁ Protocol Run: ProtimodTSNormalization Tt - BT X
Protocol: imod - Tilt-series normalization finished ('Cite @ Help
Run name imod - Tilt-series normalization I Comment f
Run mode + Continue " Restart @ Host [localhost -l
Use queue? Yes & No & @
Wait for e
Input
Input set of tilt-series jmod - Dose filter.outputSetOfTiltSeries Qe
Binning 40 (2]

Adjust densities mode & default 1 2 3 4

(2]
Storage datatype « default 4-bit byte signed 16-bit unsigned 16-bit 32-bit float 17}
e

Set scaling range values Yes @ No

Figure 3.5: Imod - Normalization protocol used to bin the tomograms. The form contains the
used parameters of this tutorial.




Dayl Import CTF_Alignment_Reconstruction Protocols | Data

DExpand wLabels View: Tree Ja& ©Refresh
PROJECT |

tomo - import tilt-series
finished

imod - X-rays eraser
finished

imod - Dose filter
finished

imod - Tilt-series normalization

+ 14 more ]
Analyze Results

Summary} Methods} Qutput Log}
< Input

inputSetOfTiltSeries (from imod - Dose filter -> outputSetOfTiltSeries [outputSetOfTi SetOfTiltSeries (3 items, 41 x 5760 x 4092, 1.33 )-\/px)
< Output

@imod - Tilt-series normalization -> outputSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 A/px)

SUMMARY

Input Tilt-Series: 3.
Interpolations applied: 3.

Figure 3.6: Current state of the workflow after the binning of the tilt series



4. Tilt series alignment

Once the tilt-series are properly imported and preprocessed into Scipion it is time to perform
the last step before the reconstruction of the tomogram, the tilt-series alignment. This task is
a 3 process step that is compose of a previous prealignment of the tilt-series based on
cross-correlation, followed by the construction of the landmark (or fiducial) models, that will
be finally used to obtain the properly aligned tilt-series.

Tilt-series prealignment

Imod References: Kremer 1996, Mastronarde 2017

The first step in the alignment process is the prealignment of the tilt-series. In this step
only the translational alignment (shifts) is solved (no angle correction yet). This calculation is
performed by cross correlating the successive images from the tilt-series and stretching the
images with the larger tilt angle perpendicular to the tilt axis (cosine stretching).

In order to carry out this process inside Scipion environment, the binned SetOfTiltSeries
generated in the previous step will input the protocol, imod - Xcorr prealignment, from the
imod plugin, that can be found in the left menu under Tilt-series > alignment, or searching
with the Ctrl.+F hotkey, along with the following parameters.

ﬁ Protocol Run: ProtimodXcorrPrealignment o B2 )
Protocol: imod - Xcorr prealignment finished ('Cite @Help
Run name imed - Xcorr prealignment #  Comment &

Run mode « Continue Restat @ Host [Iocalhost R
Use queue? Yes & No & @
Wait for e

ExpertLevel ~ nomal + Advanced

Input |

Input set of tilt-series. jmod - Tilt-series normalization.outputSetOfTiltSeries Q, [ @
Use cumulative correlation Yes @& No e
Generate interpolated tilt-series & vyes No (2]
Interpolated tilt-series
Binning |2.0 (7]
Filter radius 1 .o
Filter radius 2 g 25

Filter sigma 1 .03

Filter sigma 2 .05

Figure 4.1: Imod - Xcorr prealignment form with the corresponding parameters for this
tutorial
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Note: It is also possible to modify the alignment algorithm using cumulative
correlation (another cross-correlation algorithm that follows a different strategy) or
modify the filter parameters. Since a cosine stretching is applied to the tilt-series, it is
important to properly determine the tilt-axis angle in order to ensure the quality of
the obtained results.

Since we selected the option “Generate interpolated tilt-series”, as it can be seen in the
following figure, a double output will be generated. First, a non-interpolated tilt-series
whose alignment transformation information will be saved but not applied (so, if we visualize
this tilt-series we would see no changes respect to the input one), and secondly, an
interpolated (and binned) output from which we can judge the goodness of the
prealignment.

This is a common behaviour for all the alignment protocols inside Scipion pursuing the
reduccion in the number of interpolations applied to the same tilt series and reducing
the disk space used.

(core) Dayl_Import_CTF_Alignment_and_Reconstruction Protocols | Data

#Edit &Copy wDelete &Browse @Collapse ®Labels View: Tree . ©Refresh
7i PROJECT

tomo - import tilt-series
finished

imod - X-rays eraser
finished

imod - Dose filter
finished

imod - Tilt-series normalization
finished

imod - Xcorr prealignment
finished

Analyze Results

Summary Methods | Output Log
< Input

inputSetOfTiltSeries (from imod - Tilt-series normalization -> outputSetOfTiltSeries [output SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 A/px)
~ Output

®imod - Xcorr prealignment -> outputSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 A/px)
®imod - Xcorr prealignment -> outputinterpolatedSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 720 x 512, 10.63 A/px)
SUMMARY

Input Tilt-Series: 3.
Transformation matrices calculated: 3.
Interpolated Tilt-Series: 3.

Figure 4.2: Current state of the workflow after the imod - Xcor prealignment

Fiducial model generation

Imod References: Kremer 1996, Mastronarde 2017

Once the prealignment process is finished, it is possible to generate the landmark (fiducial)
models associated with each tilt series. Before diving into the theory behind these models it
is important to be aware that they are designed to work with tilt-series presenting gold
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beads as fiducial markers, in order to perform the posterior alignment. These protocols will
underperform (or simply do not work) with fiducial-less data, so this approach is not
recommended if this is the case. Anyway, it is possible to perform this kind of alignment
using other tools, as Etomo, presented in the following section.

The landmark (fiducial) model generation consists of a model that provides information of the
position of each gold bead in the image. Specifically, it defines the 2D coordinates of one
fiducial along all the images in which it has been detected (not necessarily the whole
tilt-series). Thus, it is possible to track the position of several landmarks along the whole tilt
series, making it possible to posteriorly align them, correcting its tilt axis position.

We will input to this algorithm with the previous non-interpolated SetOfTiltSeries. The
reason to do so, as it has been said previously, is to avoid excessive interpolation of our
data. The protocol will apply the alignment matrices to input data and calculate the landmark
(fiducial) models to posteriorly offer this information.

In order to carry out this process inside Scipion environment, the prealigned
SetOfTiltSeries generated in the previous step will input the protocol, imod - generate
fiducial models, from the imod plugin, that can be found in the left menu under Tilt-series >
alignment, or searching with the Ctrl.+F hotkey, along with the following parameters.

ﬁ' Protocol Run: ProtimodFiducialModel Bulselie
Protocol: imod - Generate fiducial model running (4'Cite  @Help
Run
Run name imod - Generate fiducial model J’ Comment «f
Run mode * Continue ( Restat @ Host [localhost -
Use queue? Yes = No &S o
Wait for e

ExpertLevel ~ normal & Advanced

Input |

Input set of tilt-series. jmod - Xcorr prealignment.outputSetOfTiltSeries Q Tl @

Find on two surfaces & yes No (2]
Fiducial radius (nm) 139 2]
Number of fiducials |15
Shifts near zero fraction [g 2 e

Filter variables
Refine center with Sobel filter Yes & No (2]

Figure 4.3: Imod - generate fiducial models form with the corresponding parameters for this
tutorial

Note: In this protocol, it is important to properly set the fiducial radius (in
nanometers) since, if the indicated size is significantly different from the real one, the
algorithm will fail in the fiducial location and posterior tracking. Also, it is possible to



set the algorithm to differentiate between those gold beads that are in front (or over)
the sample and the ones that are in the rear part (or under it), using the “Find on two
surfaces option”.

The output of this protocol is a new Scipion abstraction that has not appeared before, the
SetOfLandmarkModels. This object is able to store the position information of each gold
bead through the tilt-series for every tilt series belonging to the set.

(core) Dayl_Import_CTF_Alignment_and_Reconstruction Protocols | Data

#Edit &1Copy @Delete &=Browse @Collapse ®Labels View: Tree .& ZRefresh
5 PROJECT

tomo - import tilt-series
finished

imod - X-rays eraser
finished

imod - Dose filter
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imod - Tilt-series normalization
finished

imod - Xcorr prealignment
finished

imod - Generate fiducial model
finished

Analyze Results

Summary Methods Output Log}
< Input

inputSetOfTiltSeries (from imod - Xcorr prealignment -> outputSetOfTiltSeries [outputSetC SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 A/px)
< Output

®imod - Generate fiducial model -> outputFiducialModelGaps SetOfLandmarkModels (3 items)

SUMMARY

Input Tilt-Series: 3.
Fiducial models generated presenting gaps: 3.

Figure 4.4: Imod - generate fiducial models form with the corresponding parameters for this
tutorial

Fiducial alignment

Imod References: Kremer 1996, Mastronarde 2017

Once the landmark (fiducial) models are generated it is possible to calculate the final
alignment of the tilt-series. In this final alignment not only the translational movements
(shifts) are corrected, basically inherited from the prealignment correction, but also the
rotation of the images (angle), aligning the tilt axis with the vertical (Y) axis of the image.

Note: Scipion uses the imod convention putting the tilt axis in the vertical (Y-axis)

This is done since it is the expected disposition of the input data for reconstruction
algorithms. The reason for this is a more efficient reconstruction, since the algorithm will
need less resources by reconstructing the tomogram slice by slice in XZ planes
(perpendicular to the aligned tilt axis in the Y axis).
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The input for this algorithm is just the SetOfLandmarkModels object, obtained in the
previous step. This abstraction holds all the information needed, both the Landmark chains
locations and the tilt-series associated with them.

In order to carry out this process inside Scipion environment, the binned SetOfTiltSeries
generated in the previous step will input the protocol, imod - Fiducial alignment, from the
imod plugin, that can be found in the left menu under Tilt-series > alignment, or searching
with the Ctrl.+F hotkey, along with the following parameters.

ﬁ Protocol Run: ProtimodFiducialAlignment (SRS E X
Protocol: imod - Fiducial alignment wnning [Z'Cite  @Help
Run name imod - Fiducial alignment #  comment 4
Run mode « Continue ¢ Restat @ Host [Ioca]hos( ﬂ

Use queue? Yes @ No , (2]
Wait for (2}
ExpertLevel ~ normal & Advanced

Input | Global variables | Erase gold beads

Input set of fiducial models. imod - Generate fiducial model.outputFiducialModelGaps Qu®
Find on two surfaces & yes 1 No
Generate interpolated tilt-series & yes  No [2]
rInterpolated filt-
Binning 20 2]

ﬁ Protocol Run: ProtimodFiducialAlignment (AT E
Protocol: imod - Fiducial alignment mnning (F'Cite  @Help
Run name imod - Fiducial alignment #  Comment s
Run mode * Continue  Restat @ Host [Iocalhust ﬂ

Use queue?  Yes ® No & 0
Wait for 2]
ExpertLevel ~ nomal « Advanced

Input | Global van‘ahles. Erase gold beads

Rotation solution type No rotation = One rotation  Group rotations Solve for all rotations [ 2]
Magnification solutiontype  « Fixed magnification at 1.0 Group magnifications  © Solve for all magnifications e
Tilt angle solution type  « Fixed tilt angles  Group tilt angles  © Solve for all except minimum tilt (2]
Distortion solution type @ Disabled ¢ Full solution ¢~ Skew only 2]




ﬁ Protocol Run: Prot ialAli e

Protocol: imod - Fiducial alignment nning ({'Cite  @Help
Run name imod - Fiducial alignment & comment rd
Run mode * Continue Restart @ Host ‘\ocalhust ﬂ
Use queue? Yes = No / [ 2]
Wait for 2]
ExpertLevel -~ noma & Advanced

Input | Global variables | Erase gold beads

Erase gold beads

Erase gold beads Yes @& No [~]

Figure 4.5: Imod - fiducial alignment form with the corresponding parameters for this tutorial

Note: This is a very option intensive protocol. In the first case, and as in the
prealignment we will generate the interpolated tilt-series, at a higher binning to
save some space in disk. According to the alignment options, it will be solved only
for one rotation and with a fixed magnification 1 (no magnification of the images
calculated). Also, the tilt angles will be fixed and no distortion of the images will be
calculated.

In the first place, this protocol will generate the transformation matrices according to the
landmark models to posteriorly generate a finally aligned tilt series. As it has been said in the
previous protocol the input tilt series will have it prealignment matrix associated to the (a
non-interpolated said) and in the output the protol will combine this information. And, in
second and since we have selected again the “Generate interpolated tilt-series”, this
information will be applied in order to generate the final interpolated tilt-series.

Also, this protocol generated a refined SetOfLandmarkModels with no gaps, meaning that
the position of the landmark lost for some images in the previous steps are now interpolated
from the transformation matrices calculated. And finally it also generates a
setOfCoordinates3D. These are the coordinates of the fiducials (gold beads) in the
third-dimensional space, being possible to calculate their positions because we already
know the final alignment.



core) Dayl_Import_CTF_Alignment_and_Reconstruction Protocols | Data

#Edit &1Copy @Delete &Browse @Collapse ®Labels View:\Tree J:ﬁ ZRefresh
PROJECT

tomo - import tilt-series
finished

imod - X-rays eraser
finished

imod - Dose filter
finished

imod - Tilt-series normalization
finished

imod - Xcorr prealignment
finished

imod - Generate fiducial model
finished

imod - Fiducial alignment
finished

Summary | Methods| Output Log|

Analyze Results

< Input A
inputSetOfLandmarkModels (from imod - Generate fiducial model -> outputFiducialModel¢ SetOfLandmarkModels (3 items)
< Output
®imod - Fiducial alignment -> outputSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 A/px)
®imod - Fiducial alignment -> outputinterpolatedSetOfTiltSeries SetOfTiltSeries (3 items, 41 x 1024 x 1440, 10.63 A/px)
@imod - Fiducial alignment -> outputFiducialModeINoGaps SetOfLandmarkModels (3 items) -
i
SUMMARY

Fiducial models generated with no gaps: 3.

Transformation matrices updated from the input Tilt-Series: 3.
Interpolated Tilt-Series calculated: 3.

Fiducial 3D coordinates calculated for 3 Tilt-series: 30.

Figure 4.6: Imod - fiducial alignment form with the corresponding parameters for this tutorial



5. Tomogram Reconstruction (imod and tomo3d)

Imod References: Kremer 1996, Mastronarde 2017
tomo3d References: JI Agulleiro 2011, JI Aqulleiro 2015

The last step of this workflow is the reconstruction of the tomogram. Scipion provides several
methods to undertake the reconstruction task as they are: imod-reconstruction,
tomo3d-reconstruction, aretomo-reconstruction, or nova-ctfreconstruction.

The protocols of imod reconstruction and tomo3d - reconstruction can be found in the left
side panel Tomogram->Reconstruction-> imod-reconstruction and Tomogram->
Reconstruction-> tomo3d-tomo3d respectively (alternatively searching with Ctrl+F). In
Figure 5.1 the forms of both protocols fulfilled with the used parameter to reconstruct the
corresponding tomograms are shown. The difference between both protocols is the
reconstruction algorithm, meanwhile imod uses Weighted Back Projection (WBP), tomo3d
makes use of a SIRT method.

Note: WBP is faster than the SIRT method, but SIRT provides higher contrast. The
use of SIRT filter attempts to enhance the contrast of the WBP methods.

The input of the reconstruction will be the aligned SetOfTiltSeries, We recommend using the
non-interpolated set, because it is always unbinned, in fact in this tutorial non-interpolated is
the chosen ones as input. However, the interpolated ones can also be used. Regarding the
parameters of the protocols, the most important is the Tomogram Thickness that was set to
300 voxels. In Figure 5.1 the form of both protocols is shown in the used parameters

Note: Despite when non-interpolated SetOfTiltSeries is visualizalized seems to be
unaligned. The SetOfTiltSeries has associated the transformation matrix with the
alignment parameters. The interpolated-SetOfTiltSeries has the transformation matrix
applied but also can present a binning.

ﬁ Protocol Run: ProtimodTomoReconstruction Tt atx ﬁ Protocol Run: ProtjjsoftReconstructTomogram bacn Eles

Protocol: imod - Tomo reconstruction saved (ZCite @Help Protocol: jjsoft - reconstruct tomogram saved (4'Cite @Help
N |
Run name imod - Tomo recenstruction (W rd Comment rd Run name [jsoft - reconstruct tomogram ( & Comment P
Host |locainost d Host |localhost -
GPUIDs * Yes No 0 @ Use queue? Yes = No 2]
4 ¢ Parallel Threads 4 @ Use queue? Yes © No s 0
Wait for 2}
Wait for [2]
ExpertLevel ~ nomma = Advanced
N Input ‘
Input ‘
it Ser
— Input Tilt Series imod - Fiducial alignment.outputSetOfTiltSeries Q Tl @
Input set of tilt-series imod - Fiducial alignment.outputSetOfTiltSeries Q [l @
Reconstruction method
Tomogram thickness (voxels) 300.0 (2] SIRT (Siow) - 12
Tomogram shift in X [0 e Number of Iterations (SIRT) |39 (2]
Tomogram shiftin Z [0 o Hamming filter frequency (0.0 Q
Angle offset 0.0 e Set manual tomogram shape & Yes No [>]
Tilt axis offset g o (2] Tomogram shape:
Width
Iterations of a SIRT-like equivalent filter o (=] o ]
Thickness
Radial filtering 300 o
First parameter |g 35 (2] Initial slice |g (2]
Second parameter |0.035 -] Final slice [g o

X Close B save X Close Save
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Figure 5.1: imod - reconstruction and tomo3d - reconstruction forms with the used
parameters of this tutorial

Dayl Import_ CTF_Alignment_Reconstruction Protocols | Data
¢ Edit @1Copy @Delete &Browse @Collapse ®Labels View: Tree Jsﬁ cRefreSQ
tomo - import tilt-series W

finished

imod - X-rays eraser
finished

imod - Dose filter
finished

imod - Tilt-series normalization
finished

imod - Xcorr prealignment
finished

imod - Generate fiducial model
finished

imod - Fiducial alignment
finished

imod - Tomo reconstruction | jjsoft - reconstruct tomogram (sirt)
finished finished il

Analyze Results

Summary] Methods} Output Log}

< Input
inputSetOfTiltSeries (from imod - Fiducial alignment -> outputSetOfTiltSeries [output SetOfTiltSeries (3 items, 41 x 1440 x 1024, 5.32 ):Vpx)
< Output
®imod - Tomo reconstruction -> outputSetOfTomograms SetOfTomograms (3 items, 1024 x 1440 x 300, 5.32 A/px)
SUMMARY

Input Tilt-Series: 3.
Tomograms reconstructed: 3.

Figure 5.2: State of the workflow after carrying out the two reconstructions with imod and
tomo3d.

The output will be a SetOfTomograms with dimensions 1024x1440x300, see Figure 5.2.
They can be visualized by clicking on Analyze results or alternatively by choosing the
visualization tool by right-clicking on the output in the Summary box. The most suitable
viewer to analyze tomogram is the imod viewer (see Figure 5.3).



Figure 5.3: Results of (left) the tomo3d - reconstruction and (right) imod - tomogram
reconstruction for the tilt series TS_320.

6. CTF estimation

The CTF can also be estimated and corrected in Scipion. This is a critical task to achieve
high resolution in Subtomogram Averaging, or even to visualize fine details in cellular
environments. The CTF correction attempts to compensate for the loss of information that
the microscope introduces as a consequence of aberrations and defocus.

To do that Scipion provides a broad variety of CTF estimation protocols as they are: cistem -
tilt series CTFFIND4, gctf- tilt series gctf, imod - CTF estimation manual, imod - CTF
estimation auto, and emantomo - ctf estimation. In this tutorial, the CTF will be estimated
with all of them with the aim of showing the convenience and power of combining methods.
All these CTF protocols can be found in the left side panel, tilt series -> CTF, and the input
will be the imported SetOfTiltSeries.

Note 1: The goal of this section is to show how estimating the CTF with different
protocols the reliability of the results can be enhanced by consensus.

Note 2. The CTF should be estimated with the raw tilt series without any kind of
preprocessing. The use of dose filters, or alignment can change the spectral
properties of the tilt series, and throw inaccuracies in the CTF estimation.

The result will be a SetOfCTFTomoSeries, that can be visualized by clicking on Analyze
results or alternatively by right-clicking on the output, in the Summary panel (low area of the
main Scipion window). The viewer will open a window with the list of SetOfCTFTomoSeries
corresponding to each tilt series. In this window the defocus, astigmatism and resolution
associated to each tilt image can be visualized. Also, the window presents a summary plot
with the defocus and resolution per tilt image. This plot will be of special interest to validate



the estimation of the CTF. Moreover, Scipion adds some internal criteria to advise the users

if the estimation is correct or not.

gctf - tilt-series gctf
gctf Reference: Zhang 2015

gCTF is the CTF estimation method of Single Particle Analysis adapted to deal with tilt

series. IT can be found in tilt series -> CTF-> gctf- tilt series gctf (or alternatively Ctrl+F
typing gctf). The input will be the original SetOfTiltSeries.

Note: gCTF estimates defocus and astigmatism by default.

In Figure. 6.1, the form with the used parameters can be observed. There are two tabs of the

form: Phase Shift and Streaming are not shown in Figure 6.1. However, their default values
are correct, in particular Estimate phase shift? No.

Protocol Run: ProtTsGctf ()

Protocol: gctf - tilt-series gctf finished Cite @Help

Run name gctf - tilt-series gctf (copy 3) #  Comment e
Run mode « Continue Restart @ Host [localhost L]
Parallel + Threads MPI 1 @ Use queue? Yes <« No s 0
GPU IDs 0 [} Wait for [}
Expert Level - Normal - Advanced
Input Advanced Phase shift| Streaming|
Input
Input tilt series tomo - import tilt-series.outputTiltSeries Qae
CTF Downsampling factor 1.0 @
Box size (px) 512 e
Search limits
Resolution (A) Min 50.0 Max 4.0
Defocus search range (A) Min 5000.0  Max 90000.0

Defocus step (A) 500.0

Expected (tolerated) astigmatism 1000.0
Plot a resolution ring on a PSD file

* Yes No

% Close | ®

P

Protocol Run: ProtTsGctf

Protocol: gctf - tilt-series gctf finished =Cite @Help

Run name gctf - tilt-series gctf (copy 3) ¢ Comment s
Run mode + Continue Restart @ Host localhost J
Parallel « Threads MPI 1 @  Use queue? Yes - No 70
GPU IDs 0 o Wait for [
Expert Level - Normal - Advanced
Input| Advanced | Phase shift| Streaming|
Advanced
EPA
DoEPA - Yes No e
Over-sampling factor for EPA |4
Do rotational average Yes = No e
Overlap factor 0.5 e
Boxsize for smoothing 85 e
Resolution for smoothing 1000 e
B-factor 150 i
High-res refinement
Do high-resolution refinement  ~ Yes =« No o
Do validation Yes « No

x Close | =

Figure 6.1: For with the used parameters in this tutorial of the protocol gctf- tilt series gctf

The results of gCTF can be observed and analyzed in Figure 6.2.
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CTF estimation viewer "+ o %

Filter 4 @® @Help
Tilt Serles | Tilt Angle | Status | DefocusU (A) | DefocusV (A) | Astigmatism (A) _|Resolution (A) CC value ’i —+ DefocusU (&)
> TS 048
1 -60.00 Ok 28289 26780 1508 7.8 0.046 —— Defocusv (A)
57.00 ok 27728 26931 796 79 0.052 TS 048 —— Resolution (A)
3 -54.00 Ok 27623 26494 1128 89 0.053 = 30
4 5101 ok 27578 26485 1003 83 0.050
5 4801 ok 26784 26336 a48 83 0053
6 45.00 ok 26524 26222 302 7.7 0.054 28000
7 4201 Ok 26881 26122 759 7.7 0053 25
[ -39.01 ok 26935 25904 1031 57 0.056
9 -36.01 ok 26474 26326 148 6.7 0.059
10 -33.01 Ok 26599 26345 253 6.0 0.061
1 -30.01 ok 26675 26484 1% a5 0.060 27000
12 -27.01 ok 26496 26255 240 56 0.062 20
13 2401 ok 26457 26121 336 49 0.065 M
14 2101 Ok 26320 26246 74 a8 0070
15 -18.01 ok 26228 26064 164 48 0.072 > 5
16 -15.00 ok 26159 26047 1m a2 0.081 2 26000 15 3
17 1201 ok 26150 25082 168 37 0.001 2 2
18 -9.01 ok 25002 25886 15 s 0.089 B &
19 -6.01 Ok 25939 25876 62 35 0.094
20 3.01 ok 25051 25833 17 37 0.0
21 -0.01 Ok 25859 25804 54 37 0086 25000 10
22 299 ok 25884 25857 27 39 0.086
23 5.99 ok 25804 25765 39 38 0.082
24 8.9 ok 25850 25746 103 a7 0.084
25 11.99 ok 25611 25501 19 39 0077 5
26 14.99 ok 25621 25605 15 41 0079
27 17.99 ok 25501 25458 43 43 0071 24000
28 20.99 ok 25476 25250 226 43 0.068
29 23.99 ok 25250 25117 132 39 0.052
30 26.99 ok 25008 24970 38 a2 0.062 o
31 29.99 ok 25100 24960 148 a8 0.047 -40 -20 0 20 40 60
Tilt angle
32 3298 ok 25013 24728 285 36 0048
33 35.00 ok 24876 24564 312 48 0.038 -
X Close ‘

Figure 6.2: Results of the gCTF protocol

cistem - tilt-series ctffind4

cistem Reference: Rohou 2015

Similarly to gCTF, ctffind4 is the CTF estimation method of Single Particle Analysis adapted
to deal with tilt series. It can be found in tilt series -> CTF-> cistem- tilt series ctffind4 (or
alternatively Ctrl+F typing ctffind). The input will be the original SetOfTiltSeries.

In Figure. 6.3, the form with the used parameters is shown. There are two tabs of the form:
Phase Shift and Streaming are not shown in Figure 6.3. However, they consider default
parameters, in particular Estimate phase shift? No.
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P

Protocol Run: CistemProtTsCtFfind

CisTEAA Protocol: cistem - tilt-series ctffind< finished »Cite @Help
Run
Run name cistem - tilt-series ctffind4 # Comment

Run mode « Continue < Restart @ Host\loca]host

Parallel = Threads - MPI |2 @ Usequeue? -~ Yes =« No

Wait for |

K
ExpertLevel - Normal « Advanced

(¥

Input] Phase shift| Streaming
Input
Input tilt series tomo - import tilt-series.outputTiltSeries Qoe®

FFT box size (px) [512 °

rSearch limits

Resolution (A) Min 30.0 Max 5.0
Defocus search range (A) Min |5000.0  Max 50000.0
Defocus step (A)[500.0 |
Slower, more exhaustive search? < Yes =« No
Restrain astigmatism? +« Yes < No

Tolerated astigmatism (A) |100.0

@ o ®

x Close| = | Execute

Figure 6.3: Form with the used parameters in this tutorial of the protocol cistem- tilt series
ctffind4

The results of ctffind4 can be observed and analyzed in Figure 6.4. It can be shown that
Scipion suggests (See status column) that the estimation of the CTF for the first two tilt
series is not fully correct, this fact is in agreement with the right plot.

CTF estimation viewer [P
Fiter L+ @® @rieip
Tiit Serles | Tiit Angle | Status | DefocusU (A) | DefocusV (A) | Astigmatism (A) | Resolution (A) _CC value
b TS 048 Failed —— DefocusU (A)
> MTs_320 Failed —— DefocusV (A)
b WTs 203 ok TS_048 —— Resolution (A)
= 30

25000 N 25
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DefocusV
=
&
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0
Tilt angle

R Close



Figure 6.4: Results of the ctffind4 protocol

imod - CTF estimation auto

imod CTF Reference: Xiong 2009
Imod References: Kremer 1996, Mastronarde 2017

imod - CTF estimation auto can be found in tilt series -> CTF-> imod - automatic ctf
estimation (Step 1) (or alternatively Ctrl+F typing CTF estimation). The input will be the
original SetOfTiltSeries.

Note: imod allows to estimate only defocus and if the users wants astigmatism. This
method is the same than imod - CTF estimation manual, but presetting the estimation
parameters avoiding the estimation one by one of the CTF

In Figure. 6.5, the form with the used parameters can be observed. The input of the protocol
will be the raw SetOfTiltSeries. imod - CTF estimation auto protocol presets many
parameters to be set. The most importants are: The expected defocus that will be set to
3000 nm (this information is known from the acquisition session, and usually contained in the
imported mdoc files); defocus tolerance set as 200 nm around the expected defocus;
Search astigmatism, set as No; Phase Shift as No; Search cut-off frequency as No;

The parameters of Angle step and angle range are used to speed up the estimation and to
enhance the detection of the Thon rings. Thus, an angle step of 0 means that the CTF will
be estimated for each tilt angle of the tilt series. When the Angle step is greater than 0, then,
the CTF is estimated in steps of the defined parameter. Intermediate estimations are then
interpolated. In contrast, the angle range takes all images in an interval (of the angle range
defined) centered at the tilt angle at which the CTF is going to be estimated, and the images
are used to increase the signal of the Thon rings. When the CTF estimation presents
drawbacks, increasing the angle range is usually a good test.

Note: These parameters work with this tilt series, other tilt series can require different
parameters to estimate the CTF.
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Protocol Run: ProtimodAutomaticCtfEstimation

|

Protocol: imod - Automatic CTF estimation (step 1) finished @Cite @Help
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%

Run name imod - Automatic CTF estimatic # Comment

Run mode + Continue - Restart @ Host \Incalhost J
Use queue? ~ Yes = No s e
Wait for |

ExpertLevel - Normal -+ Advanced
Input}
Input

Input set of tilt-series tomo - import tilt-series.outputTiltSeries Quee

Defocus tolerance (nm) 200.0 e

Input expected defocus as « Value - List @

Expected defocus value (nm) [3000.0 e

Left defocus tolerance (nm) [2000.0 e

Right defocus tolerance (nm) W @

Tile size (pixels) 256 e

rAutorefinement angle settings

Angle step 6.0

Angle range 12.0 @

rAutorefinement frequency range

statpo e

Endo.0 @

e

e

Extra zeros to fit 0.0

Skip astigmatic phase views < Yes « No
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x Close

Figure 6.5: For with the used parameters in this tutorial of the protocol imod- automatic
CTF estimation

The results imod - CTF estimation auto can be observed and analyzed in Figure 6.6. In this
case, we can observe that the TiltSeries 048 presents a status - Failed, in agreement with
cistem. However the other estimations are in agreement with gCTF and cistem.
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Figure 6.6: Results of the imod - CTF estimation auto protocol

imod - CTF estimation manual

imod CTF Reference: Xiong 2009
Imod References: Kremer 1996, Mastronarde 2017

This manual estimation will not be carried out in this tutorial, next guidelines are only
informative.

imod - CTF estimation manual can be found in tilt series -> CTF-> imod - CTF
estimation manual (or alternatively Ctrl+F typing CTF estimation). The input will be the
original imported SetOfTiltSeries, and the protocol will be fulfilled with exactly the same
parameter than imod - CTF estimation auto. The difference with that protocol is that in this
case, when the execute button is clicked, a window with the list of tilt series is shown. Then
by selecting and double-clicking on any of them an interactive window of imod will be open.
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Protocol Run: ProtimodManualCtfEstimation

Protocol: imod - Manual CTF estimation (step 2) wCite @Help
Run
Run name imod - Manual CTF estimation ¢ Comment s
Host [localhost i
Use queue? Yes « No ]
Wait for >}

Expert Level - Normal « Advanced

Input]
Input

Input set of tilt-series tomo - import tilt-series.outputTiltSeries
Defocus tolerance (hm) 200.0
Input expected defocus as « Value List
Expected defocus value (nm) 3000.0
Left defocus tolerance (nm) 2000.0
Right defocus tolerance (nm) 2000.0
Tile size (pixels) 256

Autorefinement angle settings
Angle step 6.0

Angle range
Autorefinement frequency range
Start 0.0
End|0.0

Extra zeros to fit 0.0

ee@@

Skip astigmatic phase views Yes = No
Astigmatism settings
Search astigmatism Yes ¢ No

Phase shift settings
Search phase shift Yes « No

Cut-on frequency settings
Search cut-on frequency Yes = No

x Close ‘ B Save | Execute

Figure 6.7: Imod - CTF estimation manual form with the used parameters

emantomo - ctf estimation

emantomo Reference: Chen 2019

emantomo - ctf estimation can be found in tilt series -> CTF->emantomo - ctf
estimation (or alternatively Ctrl+F typing ctf). The input will be the original SetOfTiltSeries.

Note 1: emantomo - ctf estimation only estimates defocus.
Note 2: emantomo - ctf estimation considers um as defocus unit

In Figure. 6.8, the form with the used parameters can be observed. The important ones are
the Defocus range, which defines the interval of defocus to be analyzed, with the
corresponding defocus steps. In this case the defocus search will be in the interval 2um-7
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um in steps of 0.02 um. Similarly occurs with the Phase shift, it will be estimated in the
interval 0.0-1.0 in steps of 1.0 degrees. Finally, the Tile size defines the box size to compute
the Fourier transform, powers of 2 are recommended, 256 or 512.

Protocol Run: EmanProtEstimateCTF

|

m Protocol: emantomo - ctf estimation finished zCite @Help
Run name emantomo - ctf estimation ¢ Comment s
Run mode « Continue  Restart @ Host \Iocajhost J

Parallel Threads 4 @ Use queue? = Yes « No s
Wait for ‘

Input}

Tilt Series tomo - import tilt-series.outputTiltSeries Qi®e

Defocus Range (um) min 2.0 max |7.0 Step |0.02 e

Phase shift Range (degrees) min 0.0 max|1.0 Step|1.0 e
Tile size 256 °

Number of references(15 e
Stepin X direction[20 e

StepinY direction[40 e

x Close | @

Figure 6.8: For with the used parameters in this tutorial of the protocol emantomo - ctf
estimation

The results of emantomo can be observed and analyzed in Figure 6.9. In this case all
estimated CTF are in the same defocus range (around 25000A), and Scipion suggests that
they are well estimated.
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Figure 6.9: Results of the emantomo - ctf estimation protocol



7. Filtering tilt series by CTF estimation

Up to this step the CTF has been estimated with 4 different software packages that make
use of different algorithms. Thus, they provide similar, but slightly different estimations. This
section will teach how to create a subset. However, such subset will be created based on the
most reliable SetOfTiltSeries from the CTF estimations. To do that, we will compare the CTF
estimation of all methods. As it can be observed, the estimations of gCTF and emantomo
seem to be the most reliable, due to the range of estimated defocus. This fact is supported
by the Scipion criterion that sets an ok status to their CTF estimations. Despite, gCTF and
emantomo are able to estimate the CTF of all tilt series, the tilt series 048 presents
drawbacks for imod and ctffind4. Thus, we will remove this tilt series with a double teaching
objective: 1) speed up the reconstruction, 2) show how to create subsets.

The creation of a subset of SetOfCTFTomoSeries can be carried out in the CTF viewer. It
only requires marking the unwanted tilt series (see Figure 7.1) and clicking on Generate
subsets. Then, in the Summary of the Scipion main windows two output of CTFTomoSeries
should appear, the original one, and the created subset.

CTF estimation viewer [ T 0>

—— DefocusU (A)
—— DefocusV (A)
—s— Resolution (A)
30

Gl ) Ok
bOrs 203 Ok TS_048

Mark to remove

28000

27000
; 26000 15 =
3

25000

24000 4

Tilt angle

X Close

Figure 7.1: How to create a subset of CTFTomoSeries with the CTF viewer. The results of
this figure correspond to gCTF estimation.

Due to the number of CTFTomoSeries of the created subset is lesser than the number of
SetOfTiltSeries (3 SetOfTiltSeries and 2 CTFTomoSeries) there will be a mismatch between
these two sets. Therefore, it is necessary to create a subset of the SetOfTiltSeries with the
corresponding TiltSeries with CTF estimated in the subset of CTFTomoSeries.

The subset of the TiltSeries will be created for the aligned ones (output non-interpolated of
imod - fiducial alignment). To do that, we open the output (non-interpolated) by
right-clicking (in the summary box) with DataViewer, see Figure 7.2. This should open a
window (see Figure) with a table containing all information related to each tilt series. To




create the subset, the tilt series 048 will be unmarked, then just click on the red button
+TiltSeries. The result will be a new building block in the ScipionThree that contains only
two tilt series the TS_293 and TS_320.

Metadata: tiltseries.sqlite 3 items -

File Display Tools Help

H &3 cols H Rows B @ [A][a
proadTitsepds =]

enabled | f4 | tsid | label [ comment| _size| streamstate| _samplingRate | _hasctf| _alignment | _isPhaseFlipped | _isAmplitudeCorrected | _acquisition._magnification | _acquisition. voftage| _acquisition._sphericalAberration
1 I 1Ts_293 | 41, 2) 5.3160 0lNone 0 0 64000.0000 300.0000 2.7000
] \lb TS 048 I' 38 2) 5.3160 0/None 0 0 64000.0000 300.0000 2.7000
X TS_320 41, 2) 5.3160 0jNone o 0 64000.0000 300.0000 2.7000
1 I ~r

| Xglose | TiltSeries

Figure 7.2: Data viewer with the NON-interpolated tiltseries. The _tsld column can be in a
different order in the table of the user.



8. CTF correction

Once the subset with the good tilt series has been created, then a CTF correction can be
carried out.

Note 1: Scipion has a standard CTF model, when the CTF is estimated with any CTF
method, the output is stored in the Scipion standard. Thus, to correct the CTF Scipion
converts the standard to the corresponding package, in this case imod - CTF
correction. This avoids the mismatching between units and parameters of different
software packages.

Note 2: When an image processing with SubTomogram Averaging (STA) is
performed, the CTF correction is needed to later correct the local CTF of each
subtomo, but the CTF correction of the Tilt series images (this section, imod - CTF
correction) is not so common with some exception like small proteins. In contrast,
dealing with cellular environments (no STA), the CTF should be always corrected.

Some of the CTF protocols do estimate the astigmatism, like gctf, or ctffind4, others do not
like emantomo, and in the case of imod, the user can choose if the astigmatism is calculated
or not.

Note: If the user wants to correct the astigmatism, it must be rotated to adapt the
astigmatism to the imod model.

Rotate astigmatism

Scipion has its own CTF standard model to allow the conversion between protocols, some
methods like imod - CTF correction or nova - novaCTF reconstruction expect a given
orientation of the astigmatism. Thus, it is necessary for these protocols an intermediate step
to rotate the astigmatism and adapt the output of the CTF to these protocols. The protocol
xmipptomo - astigmatism rotation undertakes exactly that task. It can be found in the left
side panel Tilt Series->CTF-> xmipptomo - astigmatism rotation, (or with the hotkeys
Ctrl+F searching by astigmatism). The form of the protocol can be found in Figure X, and its
input will be the SetOfCTFTomoSeries of gCTF (because we decided to used the gCTF
estimation). The input and the output of xmipptomo - astigmatism rotation will both be
SetOfCTFTomoSeries, and therefore the output can also be opened with the CTF viewer
by right-clicking on the output, or just clicking on Analyze Results button.



ﬁ Protocol Run: XmippProtRotateAstigmatism aecEles

@ Protocol: xmipptomo - Astigmatism rotation finished (f'Cite @Help
Run name xmipptomo - Astigmatism rotal #°  Comment '
Run mode * Continue Restat @ Host ‘Iocalhust -
Use queue? Yes 7 No s
Wait for e
Input |

Input

Set of tilt-series from which get transform good tilt series_subset Qe

input tilt-series CTF estimation geif - tilt-series geif goodSetOfCTFTomoSeries2 Q, [ @ @

Figure 8.1: form of xmipptomo - astigmatism rotation with the used parameters

imod - CTF correction

imod CTF Reference: Xiong 2009
Imod References: Kremer 1996, Mastronarde 2017

Once the astigmatism has been rotated, the CTF correction can be performed. To do that
imod - CTF correction protocol will be used. It can be found in the left-side panel,
Tilt-Series->CTF->imod - CTF correction, or alternatively (Ctrl+F searching CTF
correction). The input of this protocol is a SetOfCTFTomoSeries (the output of any CTF
estimation protocol, like gctf, ctffind4, imod, or emantomo) and the SetOfTiltSeries to be
corrected. In this tutorial the input will be the two created subsets: the one with the good set
of tilt series and the other with the good set of CTF. Thus, imod - CTF correction form with
the used parameters is shown in Figure 8.2.
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https://doi.org/10.1006/jsbi.1996.0013
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(3 Protocol Run: ProtimodCtfCorrection Ot

Protocol: imod - CTF correction finished (F'Cite @ Help
Run name imod - CTF correction #  Comment '
Run mode + Continue  Restat @ Host [localhost B
GPUIDs '+ Yes No 0 ® Usequeue?  Yes * No & 0
Wait for | o
ExpertLevel ~ nomal & Advanced
Input

Input tiit-serles good tilt series. subset Qu®e

input tilt-series CTF estimation ymipptome - Astigmatism rotation.outputSetOfC TFTomoSeries Q I @ @
Defocus tolerance (nm) |200_0 2]

Interpolation Width (pixels) 15 (7]

Figure 8.2: imod - CTF correction form with the used parameters




9. Tomogram Reconstruction with CTF correction

Tomogram reconstruction using CTF corrected Tilt series
Imod References: Kremer 1996, Mastronarde 2017

This section will be the same that the one in section 5 - Tomogram Reconstruction, but
substituting the input SetOfTiltSeries by the output of imod - CTF correction, it means the
SetOfTiltSeries with CTF corrected. As we did in the mentioned section, to reconstruct the
tomograms imod - tomogram reconstruction can be used (also tomo3d -
reconstruction), it is located in Tomogram->reconstruction->imod - tomogram
reconstruction. The used parameters can be found in Figure 9.1, and they are exactly the
same than the used in section 5. Tomogram Reconstruction, with the exception of apply a
sirt filter in the advanced options. This time, this option has been enabled and set a sirt-filter
of 25 iterations to show how the use of this filter significantly increases the contrast of the
reconstruction. In Figure 9.1, the form of the imod - tomogram reconstruction with a
sirt-filter of 25 iterations is shown. A comparison between this reconstruction and the ones
obtained in section 5 . Tomogram Reconstruction with imod - tomogram reconstruction
without applying the sirt filter and with the pure SIRT algorithm of tomo3d - reconstruction,
can be observed in Figure 9.1.

ﬁ Protocol Run: ProtimodTomoReconstruction (AR E X |
Protocol: imod - Tomo reconstruction finished (4'Cite @Help
R0 |
Run name imod - Tomo reconstruction (si &  Comment &
Run mode * Continue Restat @ Host |localhost -
GPUIDs * Yes No [0 @ Use queue? Yes * No & @
Wait for Q

ExpertLevel & nommal — Advanced

Input

Input set of tilt-series jmod - CTF cormection.outputSetOfTiliSeries Q 1] &
Tomogram thickness (voxels) 300.0 (2]
Tomogram shiftin X pp
Tomogram shiftinZ g

Angle offset pp

Tilt axis offset g g

Figure 9.1: imod - tomogram reconstruction parameter for reconstructing the tomogram with
CTF correction using a SIRT like filter
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Figure 9.2: imod - tomogram reconstruction form using a sirt filter considering as in put
the CTF corrected tilt series

Tomogram reconstruction using local CTF

novaCTF reference: Turonova 2017
Alternatively to the Tomogram reconstruction using CTF corr. Tilt series of the previous
section, it is possible to reconstruct the tomogram considering that each region of the

tomogram will present a different defocus, it is applying a local CTF, or a local defocus. The
protocol nova - Tomogram CTF defocus carries out exactly this task.

The tomogram reconstruction with the CTF corrected tilt series can be
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ﬁ Protocol Run: ProtNovaCtfTomoDefocus %

Protocol: novactf - tomo ctf defocus finished (4'Cite @Help
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Figure 9.3: nova - Tomogram CTF defocus

Finally the whole workflow after this tutorial should look like the one in Figure 9.4

PROJECT

tomao - impaort til-series

finished
imod - X-rays eraser getf - tif-series getf cistem - tit-series ciffind4 imod - ic CTF estimation (step 1) - ctf esti
finished finished finished finished finished
imod - Dose fiter
finished

imod - Tit-series normalization

imod - Xeorr prealignment
finished

imod - Generate fiducial model
finished
imod - Fiducial alignment
finished

imod - Tomo reconstruction (wbp) jsoft - reconstruct tomogram (sirf) good fit series
finished finished finished

novactf - tomo cif defocus ¥mipptomo - Astigmatism rotation
finished

finished
novactf - tomo ctf reconstruction imod - CTF correction
finished finished

imod - Tomo reconstruction (sirt like)
finished

Figure 9.4: Final state of the workflow
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