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UNIVERSITY OF
LEICESTER
Processing CryoEM Data

Recent innovations in camera technology and processing capabilities have resulted in the
so-called ‘resolution revolution’ in cryo-electron microscopy. While we are now able to
calculate cryoEM maps at very high resolution, the field is still young. As a result, the
level of experience available in most structural biology labs for single-particle cryoEM
analysis (SPA) is not yet on-par with that of NMR or Xray crystallography. This tutorial is
meant to provide some of that knowledge in a structured way.

This tutorial uses Relion (J Struct Biol, 2012 Dec 180(3). 519-530, github.com/3dem/relion) for
almost all processing tasks, and is based very heavily on the Relion tutorial (ftp.mrc-
Imb.cam.ac.uk/pub/scheres/relion31 tutorial.pdf) written by Sjors Scheres and co-workers. |If
you've never done SPA before — complete the entire tutorial before moving to other
packages. While the details of how each software package works will change, the
underlying concepts won't.

In addition to the Relion tutorial, we have collected much of our SPA experience here. As
our experience and expertise evolves, we will hope to capture more information in this
document. For example, we now routinely use Al based autopicking via Relion’s External
job type. While this is not covered in the tutorial, there is a section at the end describing
how to do this. We have also included specific parameters for how to submit jobs to our
scheduling system, including differences between the tutorial data and an actual project.

I's important to emphasize that this is a collaborative production. We have incorporated
suggestions and critiques from PI’s, facility managers, Post-docs, Ph.D. students and
undergraduate students. If you feel you have something to contribute to this document,
please let us know at cryoem@leicester.ac.uk.

Finally: about the style of this tutorial. SPA is done almost entirely on computer clusters
that use the Linux operating system. If you don’t know Linux, or how to use the
command-line, you can still use this tutorial — but you may find you capabilities greatly
expanded by a separate Linux tutorial. Some of the parameters we use are extremely
precise. If you have a problem, please check the parameters you're using very carefully
before raising an issue. The tutorial dataset is small, but you should be able to produce a
reasonable quality map with it. If you are not able to successfully produce a map better
than 4 A — go back, and try again. You should not attempt to process real data until you
can successfully process this data.
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UNIVERSITY OF
LEICESTER
Downloading files from the image processing cluster
(Windows)

Some parts of this tutorial require you to download maps to your computer. Here’s how to
do it if you have a Windows machine.

1. Install WinSCP (from Program Installer or winscp.net)
2. Open WIinSCP

3. Add a new Site (Session > New Session...)

1.  Make sure protocol is ‘SFTP’
2. Fillin
* Host name: 143.210.183.163
* User name: your cluster username
* Cluster password
3. Setup Tunnel
1.  Click Advanced
2. Choose the Tunnel page
3. Fillin:
* Host name: spectre2.le.ac.uk
+ User name
* University password

- Ad d Site Setting: ? X q
Environmen it Connect through SSH tunnel
—= Directories
[f New Site Session = Recyde bin Host to setup tunnel on
File protocol: Encryption Host name: Port number:
= v SFTP [spectre2e.acuk I 2]
Shell
Host name: Port number: Connection User name: Password:
[143.210.183.163 I 2] proxy [ood I | 8
Tunnel
User name: Passwort d: SsH o Tunnel options :]
Rzt
[YW ‘ ‘ ‘ Authentication Local tunnel port: Autoselect
Bug: ﬂ
Save ¥ Advanced... |v Note Tunnel authentication parameters
Private key file:
Tools ot Manage v Login |v Close Help
™ Cncel |
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LEICESTER
Downloading files from the image processing cluster
(Mac)
Some parts of this tutorial require you to download maps to your computer. Here’s how to
do it if you have a Mac.
1. You will need a ‘tunnel’ to get the data:

* Open a terminal window (Applications > Utilities > Terminal), and run:
ssh -D 2222 -q -C -N XXX@spectre2.le.ac.uk
Replacing XXX with your UoL username. You'll need to enter your UoL

password. If the command succeeds, it not generate any errors and
appear to hang. This is normal.

2. Download FileZilla Client (filezilla-project.orq)
3. Uncompress the download by double-clicking on the .bz2 file
4. Open FileZilla
5. Setup Generic Proxy
1. Open Settings (Edit > Settings...)
2. Select Generic Proxy page
3. Fillin .
© TYPEISOCkS 5 Tirme | measeeess
* Host: localhost patve mode. o1 sing CONNECT st
* Port: 2222 s S
4. Click "OK’ @ e @
6. Add a new 'Site’ — T
1.  Open Site Manager (File > Site Manager...)
2. Click on ‘New site’ o o
3. Changethename " (3) e —
4 F||| in Host: 143.210183.163 Port:
* Protocol: SFTP Logon Typet | Ask for pasaword @ B
* Host:143.210.183.163 L
» User: your Username -
5. Click ‘Connect’ o AL
6. Enter your cluster @ Nowste [ New flcer
password e
7. Agree to ‘Trust Host?’ ) [ comect NS
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LEICESTER
Accessing the image processing cluster with NoMachine

NoMachine is the easiest way to access the image processing cluster. While not as
powerful as other methods, it's more than enough for this tutorial. NoMachine works with
Windows, Mac, and Linux.
 University Windows computer — Install using Program Installer

* NoMachine

« UCSF Chimera

» Non-Univsersity Windows machine, Mac, Linux

1. Install NoMachine from:
www.nomachine.com

2. Install UCSF Chimera from:
www.cgl.ucsf.edu/chimera

3. Download the UoL HPC connection file for NoMachine from:
uniofleicester.sharepoint.com/sites/Research-Computing/SitePages/nomachine-spectre.aspx

4. Install the UoL connection into NoMachine by double-clicking on it.
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UNIVERSITY OF
LEICESTER
Accessing the image processing cluster with NoMachine

NoMachine is the easiest way to access the image processing cluster. While not as
powerful as other methods, it's more than enough for this tutorial. NoMachine works with
Windows, Mac, and Linux.

* Logging in to the cluster

1. Double-click on the UoL HPC connection, then enter your UoL
username and password
Hover mouse right here
2. Once logged in, change your view
settings by hovering the mouse [ 5 e 23 vac 15
over the upper right-hand corner of click to view month calendar
the window (you may see the - service
window slide across as you move
to the corner)

3. Click on the ‘Display’ icon -

4. Click on the ‘Change settings’ icon =

Change settings

5. Set your Resolution to at least 900
high (e.g. 1440x900)  rowen - , v

800x480 1440x900 1680x1050 1920x1200

6. Click Done, then on the ‘Fitto | =
window’ icon, then Done -

Fit to window

7. Open aterminal, and log-in to the
image processing cluster with:

ssh Y XXX@143.210.183.163 Click here to open Terminal
Where XXX'is your UoL username. _ !
You'll be prompted for your password. € Applications Places system (= EN@

Use your cluster password, not your

UoL password. If you are asked if you
want to trust this host, answer yes —

Computer

Terminal

| File Edit View Search Terminal Help
[tjr22@spectrell ~]$ ssh -Y tjr22@143.210.183. 1
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LEICESTER
Setting up tutorial project

Once logged in (make sure to connect X11), setup the Relion directory structure
using the following commands:

1. Make the Relion project top-directory and a directory to contain the
micrograph movies (commands are case-sensitive)

mkdir relion tutorial
cd relion tutorial

mkdir Micrographs

2. Symlink (DON'T COPY) the micrograph movies, and the gain reference,
into your Micrographs directory (include the trailing . in your commands.)

cd Micrographs
lIn -s /net/common/relion 3.1 tutorial/Micrographs/*.tiff
ln -s /net/common/relion 3.1 tutorial/Micrographs/gain.mrc

cd ..

3. Make sure that you’ve symlinked the data by listing the directory (you
should see several tiff files and the gain reference file listed.)

1s Micrographs
3. Examine the acquisition notes

cat /net/common/relion 3.1 tutorial/Micrographs/NOTES
4. Start Relion (and return your prompt).

relion &
* Relion will ask you if you want to start a new project directory here. Answer ‘Yes'.

[ X

‘) Your current directory does not look like a RELION project directory.
. Only run the RELION GUI from your project directory.
Do you want to start a new project here?
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UNIVERSITY OF
LEICESTER
Importing micrographs / micrograph movies

Relion keeps track of what we do, in order to simplify the ‘pipeline’ of data
processing for us. The first step is to import our data.

X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

[Fie Jobe_schediies | Moviesmics| others| R To start a new Relion Job, click on the job type in
e the Available Jobs box.
Raw input files: [Micrographs/*.tiff _|[@)
Are these multljframem 57 )@ 1 ) CIle On Import
Optics group u @
MTF of the de hmon/MTF/mtf_k2_300kv.star | (2] (Browse)
i —— H H .
oo ET—14 2. On Movies/mics tab:
cal al 4 |——
B:?mt..m(m,ad,f:{i% Import raw movies/micrographs?
Beamtiltin Y (mrad):[0 e[ i 7] Yes
Current: [001: Import/job001, pisplay:[ 3 Raw Input flles.

Micrographs/*.tiff

[Finishedjohs ] [Running jobs | [Input to this job |
001: Import/job001/

Are these Multi-frame movies:
Yes

| scheduled jobs | ]Dutput from this job |

MTF of the detector:
/net/common/MTF/mtf k2 300kV.star

importing
Written Import/job001/movies.star with 0 items (0 new items)
done!

Pixel size (Angstrom):
(From NOTES)

‘ Voltage (kV):
(From NOTES)

Spherical aberration (mm):
(From NOTES)

Amplitude contrast:
0.1

3. Click [Rllll ONCE

You can examine information Relion provides information about many of the
options by clicking on the small 2. Examine the information for amplitude
contrast before proceeding.

This job should run very quickly. In the output window you can see how many items were
imported (should be 24.) Note that there’s a small idiosyncrasy that sometimes prevents
Relion’s GUI from updating a job’s status unless you click on either it or on another job. Click
on the import job now and it should move to the Finished jobs box.
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UNIVERSITY OF
LEICESTER
STAR Files

Relion stores metadata in .star files. You can look at these files to find out
more details about your processing. Let’s examine the import star file in the
terminal

1s

cd Import

1s

cd job001

1s

less movies.star

# version 30001
data_optics

loop_

_rlnOpticsGroupName #1
_rlnOpticsGroup #2

_rlnMtfFileName #3
_rlnMicrographOriginalPixelSize #4
_rlnvVoltage #5
_rlnSphericalAberration #6
_rlnAmplitudeContrast #7

opticsGroupl 1 ../../../net/common/MTF/mtf_k2_300kV.star 0.885000
200.000000 1.400000 0.100000

# version 30001
data_movies

loop_

_rlnMicrographMovieName #1

_rlnOpticsGroup #2

Micrographs/20170629 00021 frameImage.tiff 1
Micrographs/20170629 00022 frameImage.tiff 1

This is a basic STAR file. It has the following structure
* One data block (data_optics), called ‘optics’
* One table in that data block (100p_), without a name

+ Seven columns in the table, the first of which is called ‘rinOpticsGroupName’
(_ranpticsGroupName)

* One row in the table.
» A second data block called ‘movies’
« etc,...

Press ‘q’ to quit 1ess. Type cd ~/relion_tutorial to return to the
relion tutorial directory within your home directory.
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UNIVERSITY OF
LEICESTER

Motion Correction (Relion’s implementation)

In order to reduce the impact of beam-induced motion on our images, we record movies.
The first step in processing is to align the frames of those movies and then sum them up into
a single image. Here, we’ll use Relion’s implementation of the MotionCor2 algorithm. We
don’t normally use dose-weighting.

X! RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs Schedules I/O‘ Motion\ Running

Import

CTF estimation
Manual picking
Auto-picking
Particle extraction
Subset selection
2D classification
3D initial model

3D classification
3D auto-refine

3D multibody

CTF refinement
Bayesian polishing
Mask creation

Join star files
Particle subtraction
Post-processing
Local resolution
External

Current: |Give_alias_here

Input movies STAR file: Import/job001/movies.star | (2] ([Browse]

First frame for corrected sum: (1 || Jrmmmeees 2]
Last frame for corrected sum:[-1 || | (2]
Dose per frame (e/A2):1.277 |l jrmmmmmeeri 2]

P — o1

@

P (e/A2):[0 | (0]
i @
B0

| Display: IE

X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs Schedules | /0| Motion| Running

Import Bfactor:(150 _|—{ j——|[7)
CTF estimation Number of patches X, Y1 I8 @
Manual picking Jr— » —_
Auto-picking P e 0———@
Particle extraction Binning factor: [O——
Subset selection i " "
e image: [Micrograpt .
2D classification ' = Micrographs/gainmrc | (2)(Browse]
3D initial model Gain rotation: | No rotation (0) 2@
30 classiication Gain flip:| No flipping (0) :)@
30 multi-body Defect file: |[2)[Browse]
CTF refinement _ T
Bayesian polishing Use RELION's own implementation?| No 1@
Mask creation " 5
MOTIONCOR? executable: -
Joim st e ¢ [2/MotionCor2_1.3.0-Cuda101 |2 [Browse]
Particle subtraction Which GPUS to use:[0 B
Post-processing Other MOTIONCOR2 arguments \E]
Local resolution T ———
Current: |Give_alias_here \ Display: IE
e X| RELION-3.1-b it-7f8d1d: j ion31-tutorial
File Jobs Schedules I 1/0| Motion | Running ‘
Import Number of MPI procs:(1 |4l ——17)
CTF estimation Number of threads: 1 [—
Manual picking ) —_—
Auto-picking Submit to queue? Yes )@
Particle extraction ueue name:
B e Q o @
2D classification Queue submit command: sbatch (5]
3D initial model Maximum run time (d-h:m:s)[3-00:00:00 |0

3D classification
3D auto-refine

3D multi-body
CTF refinement
Bayesian polishing
Mask creation

Join star files
Particle subtraction
Post-processing
Local resolution
External

1/O view | Job actions | Current: |Give_alias_here

GPU count (0-4) 1] @

Standard submission script: [/net/prog/slurm/relion.sh | [2)(Browse)
Minimum dedicated cores per node:[1 [—0
Additional arguments: @

‘Display:[ |¢l

1. Click on the Motion Correction jobin
the Available jobs box

2. On 1/0 tab:

Input movies Star file:
Import/job00l/movies.star

Dose per frame:
(From NOTES)

Do dose-weighting?
No

3. On Motion tab:

Number of patches X,Y
5 5

Gain-reference image:
Micrographs/gain.mrc

Use RELION'’s own implementation?
Yes

4. On Running tab:

Number of MPI processes:
1

Number of Threads:
4 (should be divisor of number of frames)

Submit to Queue?:
Yes

GPU count:
0

Click [Rilll ONCE

This job should take 4~5 minutes. On real datasets, use 4 MPI, but make sure that MP| x
threads < 32 (this is true for all jobs.) To ensure the best performance, make sure you run
the job exclusively by changing sbatch to sbatch --exclusive.
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UNIVERSITY OF
LEICESTER

CTF Estimation with CtfFind4

Once we have motion-corrected micrographs, we can estimate the CTF parameters which
will be required later on for reconstruction. We prefer CtfFind4 (via the Relion GUI) for this.

X/ RELION-3.1-beta-commit-7f8d1d: /homej/tjr22/relion31-tutorial

File Jobs Schedules | 10| CTFFIND-4.1| Getf| Running|

Input micrographs STAR file:

POt omrection Input micrographs STAR file: 2/corrected_micrographs.star | (?) (Browse) . 5 .
e Use micrograph without dose-weghting? (e 121 MotionCorr/job002/corrected micrograph
R =
o acon e ,,“i"“af,"“isef“i,“?"4;“’ E—C s.star
parice extact Jaseshif- i, M, scep (deg 5
2D classification
initial model mount of asti . . . .
Bt pmoe! N —— Use micrograph without dose weighting:

3D auto-refine

S etnement No (Only say Yes if you did dose-weighting and also
Bayesian polishing

g saved non-dose-weighted images)

Join star files
Particle subtraction
Post-processing

Localresluon Estimate phase shifts?

L o (Only say ves for phase-plate data)
1/0 view || Job actions | Current:|Give_alias_here \Display:[ ‘;]

L] X/ RELION-3.1-bet it-7f8d1d: o reliona1-tutorial

m} 1/0|[CTFFIND-4.1] Getf| Running | 2 On CTFFIND-41 tab

Import

Use CTFFIND-4.17[Yes )@ ?
Motion correction —_— ¥
CTF estimation CTFFIND-4.1 executable: [jnet/prog/ctffindd/ctffind |[2) (Browse U se C TFFI ND 4 ° 1 d
Z‘jt"&”::('i';"gng Use power spectra from MotionCorr job? (No @ Yes
Particle extraction Use exhaustive search?|No 2]

Subset selection Estimate CTF on window size (pix) [-1 |[| e}

2D classification

FFT box size (pix):
3D initial model
3 csscaton Mmﬁ:?j;f;i.iﬁ";:i e S0 512 (Use 1024 or 2048 for datasets that have

3D multi-body Maximum resolution (A):[5

e Vinimum defocus value 45550 very weak signals)

Mask creation Maximum defocus value (A): (50000 || jrmmmmmmemer
Join star files

Particle subtraction Defocus step size (A): (500 |—.—\E]
Post-processing
Local resolution

l 1/0 view l[ Job actions | Current: |Give_alias_here | Display: | 3]

X/ RELION-3.1-beta-commit-7f8d1d: /homej/tjr22/relion31-tutorial

File Jobs Schedules 1/0 | CTFFIND-4.1 Getf| Running | 3 . O n RU nn | ng tab

Import

P @_

submito queue,‘:ﬁ% Number of MPI procs:
Auto-picking Queuename:fgpu |

Particle extraction Queue submit command: sbatch @ 3 (20 fOI’ I’ea| d ata)

Subset selection N - A

2D classification Maximum run time (d-h:m:s) 3-00:00:00 @

30 iniial madel GPU count (0-4) [0 ® . s

3D classifcation Standard submission script: jnetfprog/slurmirelionsh | 1) EI5WEE) Submit to queue?

3D multi-body Minimum dedicated cores per node:[1 ([ jrmmmmmmmmeri| [z

CTF refinement ] Ye S

Bayesian polishing Additional arguments: |
Mask creation —
Join star files

Frcesicon GPU count (0-4):

Local resolution O

Click |Rillll ONCE

This job should take 10~30 seconds. On real datasets, use 16 MPI.
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UNIVERSITY OF
LEICESTER
Selecting good micrographs via CTF estimation
The first step in finding good particles is to select good micrographs. The easiest way to do

this is by eliminating micrographs with obviously bad CTF estimates. We’ll use Relion’s
subset selection job for this task

S i s e 1. On /O tab:
o orrection Select classes from modelsta:|[z)(Browse)
e e o coomamianite e Y Y OR select from micrographs.star:
particle exracton ORselectfrompickedcoorss|_______|(j G CtfFind/job003/micrographs ctf.star
3D ke (Make sure all the other fields are empty.)
3D auto-refine
O reinement . .
Bayesian polishing 2. AIlaS the JOb In Current:
%E%Eﬁm all good micrographs
Evgern " I
m Current:|Give_alias_here | Display: | B Cl k
X! Relion display GUI
[icrographs.cisar ) On Relion Display GUI:
‘ sl ] M) wec ] 1. Click the box beside sort images on:
ey oeveee <] 2. Sorton rlnbefocusU
~ Display:[rinctfimage i 3. Nr. Columns: 3
E:z:telr"s‘:gs:t:nI\rjlr/‘::;fll;cou::ntations? (JRead whole stack; 4 CI|Ck Dlsplay!
Nr.columns:[3 | Oriscale:[1 | Max.nr.images:[1000| ‘

Each image has three parts. The background image is the power spectrum from your
micrograph. The upper-left hand quadrant is the circularly averaged power spectrum, after
taking into account the fitted astigmatism. The wedge in the upper right-hand quadrant is the
fitted power spectrum.

1 1. Right-click and choose ‘Invert
selection’, this will select all micrographs.

2. Left click on any micrographs that don’t have
a good match between the calculated and
measured CTF. Pay close attention to the
first few and last few micrographs

3. Right-click and select save STAR with
selected images.

4. Repeat the selection procedure, sorting on
rlnDefocusU, rlnDefocusV,
rlnCtfFigureOfMerit,
rlnCtfAstigmatism, and
rlnCtfMaxResolution.

1. Close the CTF display window.
2. Change the Sort images on: selection
3. Display!
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UNIVERSITY OF
LEICESTER

Manual picking

The best way to assess the quality of your data is via manual picking. We can also use the
picked particles to generate 2D class averages for reference-based autopicking. Note here
that the particle diameter refers only to the size of the circle Relion draws on the
micrographs and has nothing to do with the extracted particle box size used.

X! RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs Schedules IIO‘ Dlsplay\ Colors[ Runnlng‘

Import
Motion correction

Input micrographs: alect/job004/micrographs.star |[7) (Browse)
CTF estimation

Auto-picking
Particle extraction
Subset selection
20 classification
3D initial model
3D classification

X! RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs Schedules |{0‘ Display‘ Colors[ Runnlng‘

oo icle i )
Motion correction Particle diameter (A): 20 [i]
CTF estimation Scale for mi 0.2

— e C——0
Particle extraction White value: [—
Subset selection

2D classification Blackl e ‘° .—
30 inital model Lowpass filter (A)[20__|
3D classification

30 autorefine Highpass filter () :_@
SDmukucy A ————0
CTF refinement Pixel size (A)[-1

Bayesian polishin " e
VolE e fion 9 Pick start-end c helices?|No @
Join star files . —

Particle subtraction Scale for CTF image:[1 f———7

X| RELION manual-picking GUI

File
v |aphs/20170629_00021 _framelmage.mrc

pick

10869.1 =

11063.9 Z

[aphs/20170629_00022 _framelmage.mrc

vl [aphs/20170629 00023 framelmage mrc

2} [aphs/20170629 00024 framelmage mrc

S

[aphs/20170629_00025 _framelmage.mrc

[aphs/20170629_00026, _frameimage.mrc

vl [aphs/20170629 00027 framelmage mrc

[aphs/20170629_00029 _framelmage.mrc

[aphs/20170629_00030 _frameimage.mrc

©
=
o
o
o
=

vl [aphs/20170629 00031 framelmage mrc

2} [aphs/20170629 00035 framelmage mrc

[aphs/20170629_00036, _framelmage.mrc

%EEEEEEEEEEEE[
T
%HEHHEEHEEHHEE

\
|
image.mrc |
\
|
|
image.mrc |
/] | aphs/20170629_00028 frameimage.mrc |
|
|
image.mrc |
\
|
]

|aphs/20170629_00037_framelmage.mrc

The CTF fit has three parts. The power spectrum
of the micrograph, a simulation of the power
spectrum based on the fit, and an “astigmatism
compensated” radial average of your data.

1. Compare the radial average to the power
spectrum. If the bright and dark circles match,
that means that the radial average represents
our data well.

2. Compare the power spectrum and radial
average to the simulated power spectrum. If
they match, that means that the CTF
parameters describe our data well and
particles from the micrograph are likely to be
useful for further analysis.

1. On /O tab:

Input micrographs:
Ctffind/job003/micrographs ctf.star

2. On Display tab:

Particle diameter (A):
20

Click |RElll ONCE. This will open the Manual-
picking GUI

3. On manual-picking GUI:

Click CTF to examine the CTF fit

Click pick to manually pick particles
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UNIVERSITY OF
LEICESTER

Manual picking

This is the first place in the processing that we can bias our results. If we think we ‘know’
what our particle looks like, we will only pick particles (or noise) that looks like that. Instead,
our job is to just pick things we think might be particles. Be as vague as possible!

X MotionCorr/job002/Micrographs/20170629_00024_framelmage.mrc

Save STAR with coordinate
Load coordinates

Reload coordinates

Clear coordinates

Pick particles with the left mouse button

Notice that the circles we get are more like
dots. That’'s why we set 20 A particle
diameter

Middle-click in the center of the marker to
remove picked particle

Right-click and save STAR with
coordinates on every micrograph before
you close it, or you'll lose your picks!

Now choose 500-1000 particles from
micrographs with relatively high levels of
defocus. Target 50-100 particles per
micrograph.
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UNIVERSITY OF
LEICESTER
Particle sizing

We need an initial guess for the size of our particles. If you have an idea from other sources
(MAALS, PDB, etc,...) you can use that as an initial guess. But remember - your data is real,
your initial guesses are not. You MUST choose your size based on the data!

In order to guess the size, we adjust the particle diameter parameter and Continue! The
manual picking job, checking as we go.

X/ RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial . . .

[Fie ot seeines | (g oisoly| el Tl 1. Click on your ManualPick/job005
et Particle diameter (A):(100 [{] jrmmmmm——i|[7}

estimation Scale for micr :[0.2 . .

T Siama contrast__ g 2. Change the Particle diameter (A):
Particle extraction White value: 0

Sty :

su cs;tsss;ce;t::: Black value:0 [} @ 100

Ebiei Lowpass flter (A) (20 [———f1

3D auto-refine Highpass filter (A) -1

T eiamen: mahmals 8 3. Click continue!

Boyean polihing Pick start-end coordinates helices?(No  [3]@)

Farcde subiraction Scale for CTF image:[1 ————={——rfl)

oo

4. Examine a few micrographs

5. Try changing the scaling to make the
micrographs bigger
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LEICESTER
Particle extraction

Relion operates on particle images extracted from micrographs. We need to decide how big
an image to extract, and by how much we want to reduce the resolution (A/pixel). If your
picking is not exactly correct (and it won’t be,) choosing a bigger box size will let Relion
optimize the position.

As a guideline (and assuming ourJarotein is approximately sWerical, we want to select a box
size twice as large as the largest dimension of the particle. We will then rescale it as small
as we can (to increase the calculation speed,) whilst maintaining enough resolution for this
stage of processing (3~4 A/pix.)

X' RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules | 10| extract| Helix| Running 1. O n I/ O tab .
Hotion correction micrograph STAR file: fjob003/micrographs_ct.star ] Browse) Micrograph STAR file:
CTF estimati S ——rT—— .
mj{:;::}sgk‘lf\“g Input coordinates: bords_suffix_manualpick.star |z} (Browse) Select / all gOOd microgr aph s
OR re-extract refined particles? [No 2@ . 1. s
R oron =2 /micrographs ctf.star
§g ::r:?;s:flcat\on T [ -_
al model
3D classification No Bl .
30 autoreine on-X. Y. 2 (i) 0 o o It Input coordinates?
e e ——— : :
Gayecion pehing Manually set pixel size? (o B[] ManualPick/jobXXX/
Mask creation Pixel size (A) [1 ? . .
il
Join star fleson cords_suffix manualpick.star
Post-processing
Local resolution
Current: |Give_alias_here ] Display: IE

Here is a sample calculations for a 200 A maximum dimension particle. We use a box size
twice as big as our particle, and use at most 4 A /pixel resolution. Note that Relion requires
an even number of pixels:

<Particle Size Guess (4)

> X2 = BoxSize
Pixel Size (A/pix)

( 2004

——|x2=1451.9 ~ 452 pix
0.885 A/pix

Acquired Pixel Size (A/pix)
Target Pixel Size (A/pix)

BoxSize X < ) = ExtractSize

0.885 A/pix

452 X - ~ 100 pix
4 A/pix

At this stage, don’t exceed 80 pixel boxes - even if it means operating at 10 A/pixel. Our
goal right now is to eliminate junk, which you can still do very easily at very low resolution. If
you want to make your boxes smaller, you can go as low as 60 pixels in the first instance.
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Particle extraction

Stddev for black dust removal: |-1

3D classification
3D auto-refine

Yes (No for negative stain)

X! RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules |/o‘ extract‘ Helix‘ Running 1 On EXtraCt tab.

mpot particle box size (pix): 452 _|ri} Particle box size:
CTF estimation Invert contrast?| Yes )@
Manual picking 452
Auto-pickin Normalize particles?[ves : )@

< Diameter background circle (pix): [200 | )
Subset selection
2D classification Stddev for white dust removal: |1 @ Invert contrast?
3D initial model 7]

3D multi-body Rescale particles?[yes %]

CTF refinement Re-scaled size (pixels): [100 | —.—

byl Normalize particles?
JP(:ptwsctI:rsfu”:;acnon Y es

Post-processing
Local resolution
External

Rescale particles?
Yes

Re-scaled size (pixels):
64

[ X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial \ . .
File Jobs Schedules /0 ‘ ex\ract[ Helix[ Running ‘ 2 . O n Ru n n I n g ta b .
Bt prection Number o WP procss___ il | Number of MPI processes:

AR e S— | 3(16-32 for real data)

Queuename: [gpu |

Rcieexact Queue submit command:(sbatch | [ﬂ |

Subset selection 1 .

2D classication Maximum run time (d-him:s) [3-000000 |3 | Submit to queue?
30 initial model GPUcount@a)o @ |

30 dlassification Standard submission script: net/prog/slurmirelionsh | [2)[Browse) | | Yes

3D multi-body Minimum dedicated cores per node: 1 @ |

CTF refinement . —
Bayesian polishing Additional arguments: | ®

Mask creation .
. Click [Rillll ONCE
Particle subtraction |

Post-processing
Local resolution

o [ N N Note: Relion will produce a warning for every
Josie = micrograph missing particle location files.
This is normal. On our cluster, this job takes
~10 sec.
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2D classification

For 2D classification, more MPI processes are preferred over more threads because 2D
classification requires less memory than 3D classification or refinement. Unlike Motion
correction, CTF estimation or Auto-picking, classification and refinement processes need to
be coordinated by a master process. Here, we use 1 GPU, 2 MPI processes per GPU and 2
threads per MPI process.

X/ RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules I/O‘ CTF| optimisation | Sampling | Helix| Compute | Running | 1 . On I/O tab.
Import rection Input images STAR file: [Extract/joboo6/particles.star (2] Browse) T nput images STAR file:
CTF estimation Continue from here ?/|Browse . .
Hanua pcking Extract/job006/particles.star
Particle action
Siheat calatin
X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial 2 . On Opt|m|zat|on tab:
File Jobs Schedules |/0‘ CTF| Optimisation Sampling‘ Helix‘ Compute\ Running‘
== Number of classes:
[ . Number of classes:[50 _|mmmi] ) 2
lotion correction — P
CTF estimation Regularisation parameter T: 2 @ 5 0
Manual picking —
Auto-picking Number of i 5| Iy @ .
Particle extraction Use fast subsets (for large data sets)? No B[7] Mask diameter:
2D classification EE—
3D nitial modet Mask diameter (A):(200 = ———|[3) 250
3D classification Mask individual particles with zeros? Yes @
3D auto-refine -
30 oty i stopto o [1 [
30 multibody Limit resolution E-step to (A): -1 @
Bayesian polishing 5 o o
Limit resolution E-step to (A):
X' RELION-3.1-beta-commit-7f8d1d: /nome/tjr22/relion31-tutorial
File Jobs Schedules uo‘ CTF| Optimisation sampling‘ Helix‘ Compute‘ Running‘
I rt ; r——
o orrection Use' parallljl disc |I107 } Yes s \%
CTF estimation Number of pooled particles:(30 ] m— 3 O C b .
K'j{‘o‘f;:&'fn“g'“g Pre-read all particles into RAM? No @ . n om pUte ta .
Particle extraction Copy particles to scratch directory:| @ . .
e Combine i through disc? [ No Al Use para llel disc I / O:
Classification
® 'c’};‘;jﬁ"(‘:t‘l';'\ Use GPU acceleration?  Yes )@ Yes
3D auto-refine Which GPUs to use: | @
3D multi-body e
CTF refinement Number of pooled particles:
Bayesian polishing
Use GPU acceleration:
Yes
) X/ RELION-3.1-bet; it-7f8d1d: /homefti ion31-tutorial
File Jobs Schedules | /0| cTF| optimisation | sampling| Helix| Compute| Running
I rt = —
mport  tion Number of MP1 procs:[5]  [{——) 4. OnR ing tab:
CTF estimation Number of threads: (2 [~ —————7) . n unni ng ap:
rj{‘o‘f;:ﬂﬁ;"g Submit to queue?| Yes : )@ N b f MPI .
Particle extraction " | umber o proc S:
Subset selection Queue name: [gpu @
Queue submit comman sbatch g 3 (see comment below)
jital mod Maximum run time (d-h:m:s)[3-00:00:00 E]
3D classification
2D ot reime GPU count (0-4) 1 @
3D multi-body standard ion script: [jnetp sh |[7)(Browse Number of threads:
g;g;g:egﬁ:ﬁmg Minimum dedicated cores per node:|1 ®
gl ddtiona arquments 1 (see comment below)
Join star files L
Particle subtraction
Post-processin 3
Cocsiesoteton Submit to queue?
es

GPU count (0-4):
1

Click [Rilll ONCE
On our cluster, this job should take 2~3 mins.

If you encounter an out of memory error, you'll need to reduce the number of MPI per
GPU. Increase the number of threads to keep (MPI x Threads) < (6 x GPUs). Always keep
MPI x Threads < 32.
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2D classification analysis

X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

‘ File Jobs Schedules 1/0| CTF | Optimisation| sampling| Helix| Compute | Running‘ 1 . CIICk on Display H d rOp-dOWﬂ

Import (5 H———)

Motion correction Number of MPI procs:(5___ [H———()

CTF estimation Number of threads: (2 |={l |1

Manual picking 9 —_— 2 C h 1

Autopicking submitto queverlves (2] . 0ose out: run it025 model.star
Particle extraction Queue name: |gpu [ﬂ o -
Sub ion 7 B

= o= Queue submit command: sbatch @

3Di \(model Maximum run time (d-h:m:s) 3-00:00:00 @

3D ification e

30 multibody Standard submission script: [Jnet/prog/slurm/relion.sh |7} [Browse)

CTF refinement A el ——

Ersesion balting inimum dedicated cores per node: (1

Mask creation Additional arguments: [

Join star files -

Particle subtraction

Post-processing

Local resolution

Current: |007: Class2D/job007/ Display:

in: particles.star
out: run_it025_data.star
out: run_it025_model.star

X! Relion display GUI

| [run_ito25_model.star | 1- Change Scale tO 2

[ Scale: 2 | min:|o | max:[o
[ Sigma contrast: [0 | color:|greyscale 2

Display: | rinReferenceimage

Sorton rinClassDistribution

oo

(VISortimages on: ‘ rinClassDistribution

Reverse sort

(VIReverse sort?  (_JApply orientations? ((JRead whole stacks?

Set the number of columns to 4
Click pisplay!

Nr.columns:[s—] oriscalezll—] Max.nr.images:[loﬁ] ‘

ok w0 N

X Class2D/job008/run_it025_model.star

« Observations
» Central particles visible
» Other, nearby particles seen
on the edge

+ Some, but not many internal
features visible in particles
-
~ * Interpretation

* Mask it too big — alignment
being driven by location of
adjacent particles

* Next step
* Reduce mask size
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2D classification

Rather than re-doing the 2D classification, we can change some parameters and continue
the job. Because Mask diameter is one of the parameters we can change and continue the
job, we’ll do that by selecting the starting point, increasing the number of iterations by 5, and
reducing the mask size.

1. Click on the previous 2D classification

| RELION-31-beta-commit-7f8c1d: fhome/tjr22/relion31-tutorial . . h . I
File Jobs Schedules ] I/O‘CTF‘Optimisatian Sampllng‘HeIix‘compute Running‘ JOb In t e completed ]ObS bOX tO Oad
ot e o) G the job
O eximation Continue from here: (007iru imiser.star] [ (SIENES)

Manual picking

Auto-picking

Particle extraction
on

2. On /O tab:

Continue from here:
(Select last iteration)

el
3D classification

o X RELION-31-beta-commit-7f8d1d: /home/tir22/relion31-tutorial 3 On Opt|m| Satlon tab

File Jobs Schedules I 1/0| CTF | Optimisation| Sampling| Helix| Compute | Running | ) m . ’

mport T - Number of iterations:

Motion correction LILECUE T - P—— £

estimation isation param & —U—

Mcr;nua: pic;ing Regularisation parameter T:[2 = @ 30

B, o T

Subictscicon et (foriage daca ze ) e Mask Diameter:

S ek ndivids!poricleswin e B = 160

3D auto-refine

3D multi-body it TEsoleHon Estep to (AL _

ayasan poaing . ;

s reion Click Continue! ONCE
Once finished, Display:
out: run ct 25 it030 model.star

X! Class2D/job008/run_ct26_it030_model.star [ ] Observations

+ Good classes
» Single particle within mask
» Particles entirely within mask
* Internal features visible
» Very dark background

» Bad classes

* ‘Fuzzy’
+ Density extends to mask
+ etc,...

+ Empty classes
* Relion tends to collapse 2D
classes together. If thisis a
known issue. You can try
turning on ‘Ignore CTFs
until first peak’ on CTF
tab.

* Interpretation
» Good classes sufficient for
reference-based particle
picking

* Next step
» Reference-based picking
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LoG picking

As an alternative to manual picking, we can use a generalized picker. These are less
accurate than reference-based picking, but faster than manual picking. However, they do
require accurate estimates of particle size to be effective, and the best way to do that is via
manual picking and 2D classification.

Relion implements Laplacian-of-Gaussian (LoG) picking, which basically means it picks oval
blobs within a set size range. Artificial-intelligence based pickers are more powerful, (and are
available as External jobs now and likely to be included in Relion in the future,) but will use
the same GUI approach.

The first step is to select 3-5 micrographs across the defocus range (using the OR select
from micrographs.star option in the Ssubset selection job. Select from your CTF
estimation job, display r1nCctfImage, and sort by rinDefocusU. Give the job a sensible
alias, like 3_micrographs.)

X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial .
File Jobs Schedules | 10| Laplacian| References| autopicking| Helix| Running 1 ) On I/O tab o
mport | Input micrographs for autopick:

'J;E‘;: correction Input micrographs for autopick: blect/job016/micrographs.star |[7) (Browse)
estimation ixel size in micrographs (A) - [ — . .
ol pi el el fI——i Select/3 micrographs/micrographs.star
T — s ‘% —
OR: provide a 3D reference?| No 5 . .
20 e eation - i OR use Laplacian-of Gaussians?

3D initial model

3D classification c1 2 Yes
3D auto-refine 3D angul ng:| 30 degrees s @
3D multi-body P e ian? ves )

CTF refinement.
Bavesian polishing

Ty — 2. On Laplacian tab:

- .
F:Iep ::)bs Schedules | eferences aumpicking\ Helix‘ Running‘ Min . diameter for LOG f i lter ( A ) .

mpor . Min. diameter for LoG filter (A) (140 e Jrmmmmmemes| . . . .

i o ——— o1 s o = —1 140 (a bit smaller that the minimum size of your

Manual pickin Arethe particleswhite?(No |2[3) .

Particle extraction Maximum resolution to consider (A)(20 el jrmmmrl 1] pa rti CI e)

classification ust defaul reshold (stddev): | {} . .
3B ot Bamewisamaiio o —— —— | Max. diameter for LoG filter (A):
Raretne 180 (a bit bigger that the maximum size of your
particle)
[} X RELION-3.1-beta-commit-7f8d1d:

22/relion31-tutorial

3. On autopicking tab:
Write FOM maps?
Yes

File Jobs Schedules ] |/0‘Laplacian References eIix‘Running\

Import . T
Motion correction Picking [0.05 I

CTF estimation Minimum inter-particle distance (A):(80 =
Manual pickin Maximum stddev noise:|-1

g
Particle extraction Minimum avg noise:(-999 [}
Subset selection

2D classification Write FOM maps?| Yes

Use GPU acceleration?

3D initial model

3D classification Read FOM maps? | No

3D auto-refine ) e —
3D multi-body shrink factor:(0_|[—— NO
CTF refinement Use GPU acceleration?(yes |3

Bayesian polishing
Mask creation

Join star files
Particle subtraction

Which GPUS to use: |

o . RELION-31-bota-commit 7841 romefiZ2relonsi i _ 4. On Running tab:
i Number of MPI:

pr— : )
Motion correction Number of MPI procs: |3 <C ®

e i S 5 5 (or number of micrographs, whichever is fewer)
Queue name: (gpu

:i:l:e‘te:stefca;;:?ﬂ gueue subnvut command: [sbatch @ Submlt to queue ?

2D classification Maximum run time (d-h:m:s) 3-00:00:00 @

3D initial model GPU count (0-4) [0 @ Yes

30 classification Standard submission script: net/prog/slurmyrelion.sh [z} Browse)

3D multi-body Minimum dedicated cores per node: 1 O—0

v g R — Click [Rilll ONCE

Mask creation
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LoG picking

If you turn on write FOM maps, Relion will write-out maps containing the Figure of Merit for
each pixel (as generation of these maps is the most computationally expensive step, this is
helpful for optimization of picking parameters.) If you then continue! the job by reading the
FOM maps, Relion with replace the particles in the previous round of picking with those
chosen with the new parameters. Otherwise Continue! will ignore already picked
micrographs and only pick new micrographs with the updated parameters.

We can now optimize our picking parameters.

i e Click on the finished job

2 m::mmgm:l p::l I o J[xc | 1. Display the results in the same was as for
v |apl 5201706297000297rarr:flmage,mrc pi -478 8276.56 . . .

v [aphs/20170629_00049_framelmage.mrc | [W' [?' [ml the 2D ClaSSIfICatlon, ChOOSIng out:

cords suffix autopick.star
2. Display all micrographs by clicking on pick
Note: Relion takes the display parameters from
the last Manual picking job. If you need to
change something, select Manual picking,
change the parameters you want, then choose
the Jobs menu at the top and click save job
Settings

« Observations
* Most (but not all,) of the
particles have been picked
» Some contamination picked

* Interpretation
» Good enough for initial LoG
pick. If not, see the section
on reference-based picking
to adjust the pefault
threshold.

* Next step
+ Extract particles and make
2D classes for references
Please do this now, using a
320 A box size (you need to
convert to pixels) and 64
pixel re-scaled size.

Leicester Institute of Structural and Chemical Biology




UNIVERSITY OF
LEICESTER

Subset selection (Classes)

We now need to select classes to be our references for auto-picking our full dataset. Select

the fewest classes (3~5) that have the most varied viewpoints. In the next step, they will be
down-sampled to 20 A, so resolution isn’t important, shape is.

X/ RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

‘F“e Jobs  Schedules IlO‘CIassapdons Subsets| Duplicates | Running

Import e
Ao corattion Select classes from model.star: jjob019/run_it025_model.star [z} (Browse
estimatior OR select from micrographs.star: [2)[Browse)

rj‘"&“;:(‘i'icnkg'"g OR select from particles.star:
Particle extraction | OR select from picked coords: [2)[Browse)
Subset selection |
2D classification
3D initial model
3D classification

0 X/ RELION-3.1-bet it-7f8d1d: i lion31-tutorial

File Jobs Schedules ] 1/0||Class options| subsets| Duplicates| Running

Import
Motion correction
CTF estimation
Manual picking
Auto-picking
Particle extraction
< on

Re-center the class averages?|Yes
Regroup the particles?|No
Approximate nr of groups: (1

oo

I@&

1. On |/O tab:

Select classes from model.star:
Class2D/job###/run_it025 model.star
(Make sure all the other fields are empty.)

2. On Class options tab:
Re-center the class averages?
Yes

Click Rl

Display as for 2D classification

1. Select 3-5 classes:
* Must look like protein projections
« Try to get the most varied views
« Don't just use the highest ranked

2. Right-click and save selected classes

3. Close all display windows
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Reference-based picking

The de facto standard way to pick your full dataset is via reference-based template matching. Now
that we have good references (which are not always so easy to get,) we can use Relion’s reference-
based auto-picker and our 3-5 micrographs to tune the picking parameters.

LION-3.1-b it-7f8d1d: j i 1-tutorial 1 . On I/O tab:

[ ]
F:Iep :z:bs Schedules I Laplacian | References autopicking\ Helix‘ Running‘ E] I nput micrographs for autOpiCk .
Morion Correction Input micrographs for autopick: slect/job016/micrographs.star |[?) (Browse) . .

e o P select/job###/micrographs.star

Manual pickin

Particle extraction
Subset selection

2D classification 3D ce ?/|Browse
3D initial model

2D references: [t/job020/class_averages.star 7] (Browse)
<@

OR: provide a 3D reference? | No

2D References:
Select/job###/class_averages.star

3D classfication Y 2
3D auto-refine 3D angular sampling:| 30 degrees CAll
érr’rr::f‘.ﬂ:.:zyy\t OR: use Laplacian-of-Gaussian? | No @ OR use Lap lac ian_o f Gauss i ans?
lishi
ik croation No
[} X/ RELION-3.1-b it-7f8d1d: j i 1-tutorial
File Jobs Schedules I 1/0| Laplacian si autopicking| Helix | Running| 2 . On Refe rences tab
MO ection memmmmmw&fFi:::::@ Pixel size in references (A):
CTF estimation Highpass filter (A) -1 [D—— . .
T — piel iz nefrences ) 3.2 f———(—— 3 (From extract job run.out file)
Particle extraction Mask diameter (A) (160 _[=jm—————ri
Subset selection .
2D classification In-plane angular sampling (deg)(5 |l ]2 Mask Diameter (A):
3D initial model
3D classification References have inverted contrast? | Yes 1 6 0
3D auto-refine

3D multi-body Are References CTF corrected?(yes %]
CTF refinement Ignore CTFs until first peak?| No )@
Bayesian polishing ==
Mask creation

Join star files
Particle subtraction

) X| RELION-3.1-by it-7f8d1d: j lion31-tutorial . . .

File Jobs Schedules I IIO‘ Laplacian | Reference: Helix‘ Running ‘ 3 ", O n. a u to p I Ckl n g ta b -
| ricking Picking threshold
c?r'i's‘tﬁﬁrf.gnm Minimum inter-particle distance (A): O . 1

Manual pickin Maximum stddev noise: 1.

Particle extraction Minimum avg noise:|-999
Subset selection
2D classification Write FOM maps? | No

3D initial model Read FOM maps?|No

Minimum inter-particle distance (A):
(half the estimated particle size)

3D classification
3D auto-refine

3D multi-body Shrink factor: (0 I

CTF refinement Use GPU acceleration? | Yes )@ q 0

Bayesian polshing whichcrustowse: g Maximum stddev noise:
Join star files 1

Particle subtraction —

Write FOM maps?
Yes

Shrink factor:
0

Use GPU acceleration?
Yes

X/ RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial 4 On Runnlng tab
File Jobs Schedules 1/0| Laplacian | References| autopicking| Helix | Running‘ . ’
Number of MPI:

import : (—
Motion correction Number of MPI procs: (1 [ @
CTF estimation Submit to queue?| Yes 2@ 1 (1 MPI/GPU)
Manual pickin res,________ |5
Queue name: |gpu @

Particle extraction Queue submit command: sbatch [2] 3
Subset selecti e —— ?
e Maximum run time (d-h:m:s) (3-00:00:00 |7 Submit to queue:
30 ntial mode GPU count (0-4)[1 | Y

it L . e —
s Standara scipt| onsh |1 Bremee) es
3D multi-body Minimum dedicated cores per node: (1 [D———
CTF refinement -
Bayesian polishing Additional arguments: | [} GPU count ( 0-4 ) H
Mask creation

1
Click [illi ONCE
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Reference-based picking

Click on the finished job, and display the results in the same was as for the LoG pick.

X| MotionCorr/job002/Micrographs/20170629.00039_framelmage.mrc

15/20170629_00039_framel

» Observations
+ All particles (except those on
the edge) picked
* |ce contamination picked
+ Some noise picked

* Interpretation

» Good starting point for
optimization

* Next steps

1. Turn off write FOM maps and
turn on Read FOM Maps
Turn off GPU acceleration and
gueue submission

Increase Picking threshold
Click Continust

Right-click on micrographs and
reload coordinates

Repeat steps 3-5 until all
particles picked and minimal
noise picked

o R0 N

» Observations
+ All particles (except those on
the edge) picked
* |ce contamination picked
* Minimal noise picked

* Interpretation
* Need to optimize background
filters

* Next steps
1. Repeat 3-6 above, varying
Maximum stddev noise
(start at 1.0)
2. Repeat 3-6 above varying

Manimum average noise

(start at -0.5)

Once you have optimized picking parameters, click on the Auto-picking job in the available
jobs box to create a new job with the same parameters. Change the input micrographs to
your all good micrographs job, turn off Read FOM Maps, turn on GPU acceleration, and
pick your full dataset (if you get fewer than 10k particles, adjust your settings to increase the

number of picks.

For real data, increase the number of MPI| procs and GPUs to 2-4.
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Particle set filtration via 2D classification

Now that we have finally done a full pick of our data, we can use 2D classification to filter out
junk particles. Note that at this stage, our philosophy should be to remove junk particles,
NOT select good classes. (note the numbers below are for example — yours may differ.)

' OSSN
'O E0
D OBSE

A0 0K
Iﬂﬂl

15267 particles

mmmmmmmmm

IDHH
- [elia)

ﬂ
=
>
__
]

7168 particles

¥

Spann
BEnE0

6064 particles

1. Extract your particles with the same box
size as before, and 64 pixel re-scalled size
(~30s for 3 MPI processes).

2. Run 2D classification with 50
classes, 20 iterations and Use fast
subsets (~10 mins).

3. Do subset selection, turning on re-
grouping particles in the classes tab (50
groups.) Select anything that doesn’t look
awful.

4. Run 2D classification on the particles
from step 3 with 200 classes, 25 iterations.
(~20 mins). With a “real” dataset, you only
use fast-subsets when you have more
than ~50k particles, so turn it off at this
stage.

5. Re-select as above.

6. Repeat 2D & subset selection loop until
no-more junk is evident. (5~20 mins per
job). Here, one more iteration should be
enough. In a full dataset you may need
several more cycles.

Note that you can select a class, right-click
and show metadata to find out how many
particles are in each class. Classes with
fewer than 100-200 particles will almost
always look bad (fuzzy, blurred, low-
resolution, etc,...) but may still be worth
keeping.

If, at this stage, your classes are collapsing
from hundreds to a dozen or so, try turning on
Ignore CTFs until first peak? onthe
CTF tab. The output classes will look odd, but
should separate junk better (this should be
considered a “last resort,” though.)
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Initial model generation

In order to do 3D classification, we require an initial 3D model. Although there are many
ways to do this, we’ll only see one here: ab-initio model generation using stochastic gradient

descent.

Note: you may be tempted to generate your initial model from (possibly hypothetical)
PDB/atomic coordinate data. This is, by far, the easiest way to impose model bias on your
data — and is strongly discouraged. We do not provide instructions on how to do this.

X| RELION-3.1-beta-commit-7f8d1d: /nome/tjr22/relion31-tutorial

File Jobs Schedules I/O‘ CTF| optimisation‘ SGD‘ Compute\ Running‘

Motion correction
CTF estimation
Manual picking

Import ‘

Input s STAR file: \select/; obo31jparticles.star |(7)(Browse)
o ?/|Browse

[ ] X| RELION-3.1 it-7f8d1d: /hy i i e
File Jobs Schedules | /o] /cTF|| Optlmlsanon\ sGD| Compute| Runnmg\
Motion correction Number of classes:(4 || Jrmmmmmmmeemsi|[2]
CTF estimation
Manual picking Mask diameter (A):[180 [E@
Auto-picking Flatten and enforce non-negative solvent?([yes | 2]@g
Particle extraction & N ‘7
Subset selection ymmetry:|C1
2D cla ssF( tion - »
El Initial angular sampling:(15 degrees |2 |[@
Offset search range (pix):|6 l—._\E]

Offset search step (pix):[2 f———7

30 multi-body
enfine

S X] RELION-3.1-bet: it-7f8d1d: /homefti jon31-tutorial

File Jobs Schedules 1/0| CTF| Optimisation| SGD | Compute‘ Running|

mpot | : i
Motion correction Use parallel disc 1/0? \\res—.\@

Number of pooled particles: (30 |—{ 1 2]

CTF estimation

Manual picking ; - =
Auto-picking Ska Péddfng- [iYes )@
Particle extraction Skip gridding? Y : )@
Subset selection icles i S
Y Pre-read all particles into RAM? | N v
2D classification 2P " (o 8
tia el Copy particles to scratch directory: | @
3D classification Combine iterations through disc?|No @
3D auto-refine
3D multi-body jon? :
e body Use Gl.’U acceleration? | Yes @
Bayesian polishing Which GPUs to use:| @
Mask creation
X' RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules | /0| CTF| optimisation | SGD| Compute| Running|
Import
Motion correction Number of MPI procs:(3 _ {f——ifj
stimation Number of threads: 3 ) mm—
Manual picking ———————
Aitopicking submit to queue?|Yes 4]
Particle extraction Queue name: [gpu
Subset selection 2 o
20 classification Queue submit command: [sbatch @
Maximum run time (d-h:m:s) 3-00:00:00 @
3D classification
G sutoreine GPU count (0-4) [1
3D multi-body Standard ission script: ’ Browse
CTF refinement R
Bayemn pohshmg Minimum dedicated cores per node: 1 [ @
Mask ¢ e —
o mr ”ES Additional arguments: | @
Binrbikn cosbbrmnbinn

1. On /O tab:
Input images STAR file:

Select/job###/particles.star

2. On Optimization tab:
Number of classes:
4

Mask diameter:
180 (A bit bigger than the mask for the 2D)

3. On Compute tab:
Use parallel disc I/02?:
Yes

Number of pooled particles:
30

Skip padding?

Yes

Skip gridding?
Yes

Use GPU acceleration?
Yes

4. On Running tab:
Number of MPI procs:
3 (see comment below)

Number of threads:
2 (see comment below)

Submit to queue?
Yes

GPU count (0-4):
1

Click |Rlll ONCE. This should take 20~60 mins.

3D processing (classification and refinement) requires more GPU memory than 2D
processing, so we can use fewer MPI processes per GPU. For classification jobs, we can
generally use 2 MPI/GPU (plus one master process.) Just like in 2D, though, if you
encounter an out of memory error, you'll need to reduce the number of MPI per GPU.
Increase the number of threads to keep (MPI x Threads) < (10 x GPUs). Always keep MPI x

Threads < 32.
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Initial model generation

We will now assess the 4 initial models we generated using UCSF Chimera. Choosing the
correct starting model is both important, and something of an art. In general, look for models
that look like they may actually contain your 2D classes. They should also ‘look’ like protein,
and have most of their density in the middle of the box, rather than as a shell on the outside

of the box.

. Download all four initial models from your

processing directory to your local machine,
and open UCSF Chimera

. Once Chimera loads, open the 4 models

by File > Open, then browse to wherever
you saved them, select all 4

run_it300 class00#.mrc files, then click
open.

. On the volume viewer window, do

Features > Data Display Options,
then change the Maximum number of
histograms shown to 4

. On the volume viewer window toolbar,

click on data, then click on the dataset
missing from the histograms

. On the UCSF Chimera window toolbar,

click Tools > Structure Comparison >
Tile structures. Then click ok on the
Tile Structures window

. On the UCSF Chimera window toolbar,

click Favorites > Command line. Inthe
Command line that appears at the bottom
of the window, type in set independent
and press enter.

. Of the four Initial maps shown here, all

four are reasonable, but the grey and light
blue both look much better. are suitable
and can be used. The grey map will be
used going forward.
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3D classification

Now that we have an initial model, we can finally start choosing ‘good’ particles, rather than
eliminating junk. We do this via 3D classification.

1. On /O tab:
Input images STAR file:

(last select job)

X' RELION-3.1-beta-commit-7f8d1d: /nome/tjr22/relion31-tutorial

File Jobs Schedules I/O‘ Reference | CTF | Optimisation | Sampling| Helix| Compute | Running|

Import . By e
,Z';’;‘;n correction Input images STAR file: [Select/job031/particles.star | (2 ([Browse]

CTF estimation Continue from here 7] (Browse Reference Map e
Manual picking e p—

Auto-picking Reference map: [b032/run_it300_class001.mrc (2 ([Browse]

Particle extraction
Subset selection
2D classification

File Jobs Schedules 1

Reference mask (optional):

X RE

it-7f8d1d: | i =

optmisation

‘ Helix‘ Compute| Running‘

Import
Motion correction
CTF estimation
Manual picking
Auto-picking
Particle extraction
Subset selection
2D classification

Ref. map is on absolute greyscale?([yes |2 @)
Initial low-pass filter (A): (60 _[ﬂ

Symmetry:[c1 @

X RELION-3.1-bet: it-7f8d1d: ; RPN

File Jobs

I/O| ‘ i ‘ Helix‘ Compute\ Running‘

Import
Motion correction
CTF estimation
Manual picking
Auto-picking
Particle extraction
Subset selection
2D classification

Do CTF-correction?  Yes

Has reference been CTF-corrected? | Yes
Ignore CTFs until first peak?|No

) X/ RELION-3.1-b ial

File Jobs Schedules /0 ‘ Reference | CTF ‘ Helix‘ Compute| Running ‘
Import —
Motion correction Number of classes: (s J——————"i)
CTF estimation i T4 | ®
Manual picking
Auto-picking Number of i i (25
Particle extraction
Subset selection Use fast subsets (for large data sets)? | No
2D classification . ———————
30 ikia model Mask diameter (A): (180 o] jrmmm——rcl|[2]

c 0 Mask individual particles with zeros? | Yes )@

3D auto: rne
3D multi-body Limit resolution E-step to (A): [-1 |[ (7]

CTF refinement
Bayesian polishing

Mask creation

[ X/ RELION-3.1-bet; it-7f8d1d: /homefti ion31-tutorial

File Jobs Schedules | ing| Helix|[C | Running|
Import
Motion correction Wz parallEl e hen ‘—Yes @
CTF estimation Number of pooled particles: (30 [em{ Jrmmmmmm—r|[7]
Manual picking
Auto-picking skip padding? | Yes @
Particle extraction skip gridding?(ves | 2|g)
Subset selection
oD choaiation Pre-read all particles into RAM? [ No : )@
3D initial model Copy particles to scratch directory: \ E]
3D classification Combine iterations through disc?|No )@
3D auto-refine
3D multi-body
OO refinement Use GPU acceleration? | Yes )@
Bayesian polishing WhichGPUstouse:[ g

X' RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs

o/ | cTF| optimisation | | Helix| compute | Running|

Import
Motion correction

CTF estimation
Manual picking
Auto-picking
Particle extraction
Subset selection
2D classification
30 initial model

3D autrrrefme

3D multi-body
CTF refinement
Bayesian polishing
Mask creation

Join star files
Darkicia cu

o cihtractinn

Number of MPI procs: 3

Number of threads: (4

Submit to queue?| Yes B

Queue name: [gpu
Queue submit command: sbatch
Maximum run time (d-h:m:s) [
GPU count (0-4) [1

Standard submission script:

Minimum dedicated cores per node: |1

Additional arguments:| @

(your favorite 3D initial model)

2. On Reference tab:

Ref. map is on absolute greyscale?
Yes (only for maps directly from Relion
refinements, No for resized maps, etc,...
not sure, choose No)

If you're

3. On CTF tab:

Has reference been CTF corrected?
1. Yes

4. On Optimization tab:
Number of Classes:
4

Mask Diameter:
180

5. Compute and Running tabs:
Same as for 3D initial model

Click |Rilll ONCE
This job should take 15~20 mins.
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Interlude: 2D classes vs 3D model

If you're not sure if your model may match the 2D classes, you can change the view in
chimera and try to find the right perspective. Here’s how class001 matches up

X! Volume Viewer

| Flo Foatren Data Toos ] 1. In Chimera, select File > open and select
Jun200_stasecor. e o SHECSSERY IS = the initial model.
: “ 2. On the Chimera window select Tools >

Viewing Controls > Camera and change
projection to orthographic.

3. Use the scroll wheel to zoom-out so you
can see the entire map.

4. On the Volume Viewer, change the Style
from ‘surface’ to ‘solid’

5. Move the middle control point on the
histogram to match the figure (left).

2D Class Chimera

6. On the Relion window, go to your last 2D
classification job, and Display: out:
run_it025 model.star

7. Setthe scale: t0 2, Sort images on:
rnlClassDistribution, and Reverse
sort.

8. Click bisplay!

9. Now you can use the left mouse button in

‘ s Chimera to rotate the model around,

' comparing it to your 2D Classes from

Relion

a0
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3D classification

To monitor our 3D classification, we look in three different places

1. Relion’s output window:
Double-clicking on the window brings up the contents of the run.out file (no live-refresh, though)

Here we can see how the run time is progressing, the highest resolution map, the best angular
accuracy achieved, and best offset accuracy achieved. Here’s the output for the end of the run:

Auto-refine: Estlmated accuracy angles= 1.759 degrees; offsets= 0.385 pixels

CurrentResaludig 86 Angstroms, which requires orientationSampling of at leas§6.42857 degreesjfor a particle
of diametef200 An stroms

OversampliNg= ariableSamplingPoints= 387072
OrientationalSampling= 15 NrOrientations= 4608
TranslationalSampling= 2 NrTranslations= 21

Oversampling= 1 NrHiddenVariableSamplingPoints= 12386304
OrientationalSampling= 7.5 NrOrientations= 36864
TranslationalSampling= 1 NrTranslations= 84

Expectation iteration 25 of 25

17/ 17 sec ~(,_ ">
Maximization ...

9/ 9sec ~(, >

Note that we’ve reached an alignment resolution (not model resolution) of 11.4 A. If we want
higher resolution, we either need to use a smaller mask diameter (blue box) or finer
orientational sampling (green box) — and hope our data support it.

2. Per-iteration model.star file

On the command line, typing

less Class3D/jobXXX/run it025 model.star will show the details of iteration 25.
Here is the most relevant section of that file:

data_model_classes

loop_

rlnReferenceImage #1
rlnClassDistribution #2
rlnAccuracyRotations #3
rlnAccuracyTranslations #4
rlnEstimatedResolution #5
_rlnOverallFourierCompleteness #6

Class3D/job029/run_it025_class00l.mrc 0.925191 1.759000 0.385000 11.378571 0.999540
Class3D/job029/run_it025_class002.mrc 0.010207 5.000000 1.246000 35.400000 0.826843
Class3D/job029/run_it025_class003.mrc 0.017992 3.595000 0.853000 26.550000 0.938008
Class3D/job029/run_it025_class004.mrc 0.046610 3.640000 0.890000 24.507692 0.988701

What we can see is that a single class has 92.5% of the particles, with an accuracy of 1.759
degrees and 0.358 pixels. The other classes are mostly empty, and any particles in those
classes are most likely junk.

3. We can also view the classes in UCSF Chimera (you should do that now) Along with
information from the model.star file, you should be able to choose which class(es) to
progress to refinement.

Note: This dataset typically doesn’t require much 3D classification, but several rounds of
Class3D/Select jobs are typically required.
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Detecting preferential orientation

Preferential orientation, where the particles orient themselves on the grid, leads to
anisotropic (not the same in all orientations,) resolution, and can make analysis of your map
very difficult. Here’s how to detect it.

1. Load a single model in chimera (here, we load class001.)
2. Using the File > load on the main Chimera window, open up the corresponding
XXX_angdist.bild file

The .bild files get rendered as columns
around our model. The size and color of
the column have the same meaning: the
number of particles in that view. As you
can see from this, there isn't a completely
uniform distribution of views, however
there are views from a number of different
perspectives. This gives us confidence
that there are enough views present and
our data do not show preferential
orientation.
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Subsets in 3D

Selecting particles is slightly different between 2D and 3D.

1. We don’t want to sort the classes (we choose which one(s) we want by inspecting the
classes in Chimera.)

2. We need to ensure that we don’t have any duplicate particles, which will interfere with
‘gold-standard’ resolution estimates later on

6064 particles

¥

X' Class3D/job029/run_it025_model.star

1. Perform subset selection as you would for 2D
Ensure that you don'’t sort the classes. Your results may
look different — include all good classes.

3
B

5504 particles

2. Remove duplicates via another Subset selection job.
On the 1/O tab, choose the previous Select job in OR
select from particles.star

On the Class options tab, turn off re-group

particles

On the duplicates, turn on OR: remove duplicates?

Click Rl

Note: depending on the picking, it's possible that no
particles are removed.
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Re-extraction

Thus-far, the particles in this tutorial were extracted at 4.98 A /pix, which gives a Nyquist
resolution of 9.96 A. Qualitatively, the 3D classifications appear to be giving maps at ~10A,
so we now want to reduce our A/pix to continue. We'll start with a modest increase in
resolution to 3.54A/pix.

Classification and refinement jobs also improve the center position of our particles
substantially. As a result, we no-longer choose our box size based on imprecise picking
positions. Instead, we now choose the box size to capture the delocalized information due to
the CTF of our microscope. Rosenthal and Henderson (2003) show what maximum useful
size box we should use:

Maxmimum Defocus in A

——— + Particle Size in A
Constant X Target Resolution in A

BoxSizein A =

Rado Danev’s guidelines for the value of Constant (25 for 300 keV, 20 for 200 keV, and 12.5
for 100 keV) are convenient here. (Get the defocus range by displaying the log file from the
CTF estimation job):

i 130004 )
BoxSizein A = ——+ 1604
20 X 7.084

BoxSizein A ~ 2524

It's worth noting that larger boxes introduce more noise and higher defocus images have
lower signal-to-noise at higher resolution, so this number should be considered an absolute
maximum, and in our experience box sizes lower than this maximum will perform better once
you start getting to Nyquist values below ~5A. The minimum recommended box size is about
1.5 x particle size; we'll use a box size of 240A.

1. On /O tab:
X RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules ] IIO‘ extract| Helix| Running . .
i —— micrograph STAR file: blect/joboo4/micrographs.star |[2) (Browse) Mic rograph STAR file:
T astinaton nput coordinates: (| () (Same as befo re)
A“:’ ‘(k‘l" OR re-extract refined particles? \VC'?\ I nput coordinates:
Subset selection Refined particles STAR file: |efine3D/job043/run_data.star | -Bmwse
20 classicatin P ES (Empty)
3D classification OR: re-center refined coordinates? [ yes : )@ — i i ?
3B aerene e % 12 o e —Te— 18 OR re-extract refined particles?
;;i’;ﬂzegﬁzg,ng Manually set pixel size? (No B Yes
Mask creation sixel size (A) B — = . . .
jonstafles Refined particles STAR file:
(Select particles.star file)
OR: re-center refined coordinates?
Yes
X RELION-3.1-beta-commit-7f8d1d: /nhome/tjr22/relion31-tutorial
File Jobs Schedules l o| extract‘ Helix| Running

2. On Extract tab:
Particle box size (pix):

Import . 7 I —
L — Particle box size (pix):[328 |—1D—}%

CTF estimation Invert contrast? | Yes

ize particles?[ves @ 272

Diameter background circle (pix): [200 e jrmmmmmemmsi (2] . .
20 classification Stddev for white dust removal: (1 |[[ i 2] Particle box size:
30 initial model : e
3D classification Stddev for black dust removal: |-1 | —————lt) 6 8
3D auto-refine —
30 mult body Rescale particles? | Yes 7 : )@
CTF refinement Re-scaled size (pixels): (164 | e [2]

Bayesian polishing
Mask creation
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New extract parameters require new maps

We need maps to match our particle sizes. Relion 3.1 does allow us to mix box sizes and
resolutions across datasets and initial models. However, it will use the box size and
resolution of the first image/model is encounters, which for 3D classification or refinement is
the initial model.

There are two ways to get higher resolution maps. The first way is to convert our current
map using using relion_image handler.

1. In the terminal window, find the Class3D output file:
ls Class3D/job###/run_class001.mrc

2. Now call relion image_ handler, giving it the input (--1i) and output (--o) file names,
as well as the current (--angpix) and new resolution (--rescale_angpix) and new box
size (--new_box) from the Extract job (note that the slashes at the ends of the line are
for convenience. You can leave them out if your screen is wide enough). Here, | use an
old pixel size of 3.186A, a new pixel size of 3.54A, and a new box size of 68 pixels. Make
sure to use your own values here!

relion_image handler \
--i Refine3D/jobXXX/run class00l.mrc \
--o Refine3D/jobXXX/run_class001_68box_3.54angpix.mrc \

--angpix 3.186 --rescale angpix 3.54 --new_box 68

If you examine the particles datablock in the particles.star file from the extract job,
you’ll notice it has fields for rn1AnglePsi, rnlAngleRot, rnlAngleTilt, rnlOriginXAngst
and rnlOoriginYAngst, as well as rlnDefocusU, rnlDefocusV and rnlDefocusAngle — the
three alignment angles, two shifts, and three defocus values required to do a reconstruction.
So the other way to generate a new map is to do a reconstruction directly from the particles.
We do this using relion reconstruct (making sure to include the --ct £ flag to apply ctf
correction.)

relion reconstruct --ctf \

--1i Extract/job027/particles.star \

--o0 Extract/job027/map.mrc

As a matter of routine, you should re-do the last classification job you did before re-
extraction. Often — the higher resolution will allow Relion to separate more junk. Please
repeat the Class3D job using the particles and map from this extract job (when choosing the
3D map, you may have to go up two levels by clicking on the ../ twice to get to the actual
Extract job), then do a Subset selection job before moving on.
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3D auto-refinement

This is the first time we get to see how much resolution we may be able to get out of our
data. The auto-refinement algorithm in Relion will progressively increase the precision of the
alignment while avoiding overfitting. Unlike classification, refinement doesn’t have a fixed
number of iterations — it proceeds until it converges.

This is also the first time we’re likely to run out of memory. If you see a ERROR:
CudaCustomAllocator out of memory error, this means that the GPU has run out of RAM,
and you have to change back to one MPI per GPU instead of the 2 MPI per GPU we’ve been

using so-far.

Note: Our particles were extracted at 3.54 A /pix, so our maximum resolution is 7.08 A.

X! RELION-3.1-beta-commit-78d1d: /nome/tjr22/relion31-tutorial

File Jobs o/ | cTF| optimisation| Aut

i ‘ Helix‘ Compuhe| Running‘

import . e (e o ————
eEon: comrection Input images STAR file: [Select/job041/particles.star | (2] [Browse]
Continue from here 2B

CTF estimation Continue fr ere ro
Zj{‘olf;::’k’i‘n“g"‘g Reference map: (b036/run_it025_class00L.mrc [2) (Browse]
Particle extraction Reference mask (optional): |[2)(Browse)
Subset selection
3N rlaccifir atinn
[ X/ RELION-3.1-bet; it-7£8d1d: /hy
File Jobs Schedules IIO‘ Reference‘éqfé 0ptimisalion| Auto-sampling‘ Helix‘ Compute| Running

Import g . =
Motion correction Do CTF-correction?| Yes B @
CTF estimation Has reference been CTF-corrected? | ves : )@
Manual picking i fi ry
Auto-picking Ignore CTFs until first peak? | No s @
Particle extraction

Subset selection

[ X/ RELION-3.1-b it-7f8d1d:

File Jobs IIO‘ ‘ CTF‘ [¢] | i ‘ Helix‘ Compuhe| Running
Import 0 500 I Te——
Motion correction Mask diameter (A):[200 f——{————ifg]
CTF estimation Mask individual particles with zeros?| Yes B0}
Manual picking
Auto-picking Use solvent-flattened FSCs?| No s @
Particle extraction

[ X/ RELION-3.1-bet; it-7f8d1d: /homefti i

File Jobs Schedules 1/0| Reference| CTF | Optimisation | Auto ing| Helix||Compute] Running
Import " ————————
Mt Comecton Use parallel disc 1/0? | Yes B[}
CTF estimation Number of pooled particles: (30 || Jmmmmmm——i|[7]
Manual picking i R e Ty
Auto-picking skippagdingtlves [+l
Particle extraction Skip gridding?| Yes : )@
Subset selection icles i o 1=

Pre-read all particles into RAM? N 5
2D classification alE " Mo [:)@
3D initial model Copy particles to scratch directory: | @
3D classification Combine iterations through disc?No )@
3D auto-refine L
3D multi-body iontves T2
P Use(GEU acceleration?| Yes 2@
Bayesian polishing Which GPUSs to use: | 5]
Mask creation
Join star files

[ X/ RELION-3.1-bet; it-7£8d1d: /hy

s =
File Jobs Schedules 1/0| Reference | CTF| Optimisation | Auto-sampling| Helix| Compute | Running|

Import

Motion correction HmberchMBIpiocs: 3 —@

CTF estimation Number of threads: 2 [<—
Manual picking : —_—
Auto-picking Submit to queue? | Yes : )@
Particle extraction Queue name: [gpu

et o CTI
2D classification Queue submit c [sbatch ®
3D |n|t|a\(model Maximum run time (d-h:m:s)(3-00:00:00 \@
3D classification ot
3D auto-refine GPUcont@a1 @)
3D multi-body Standard ission script: Jnet/pi T h|[2)(Browse)
CTF refinement Minimum dedicated cores per node: | D—0
Bayesian polishing Ll ledicated cores per node:(1 |[jm———
Mask creation Additional arguments: @

Join star files
Particle subtraction

1. On 1/O tab:

Input imges STAR file:
(3D select job)

Reference Map:

(your 3D class)

2. On Reference tab:

Ref. map is on absolute greyscale?
Yes (only for maps directly from Relion
refinements, No for resized maps, etc,...)

3. On CTF tab:

Has reference been CTF corrected?
1. Yes

4. On Optimization tab:
Mask Diameter:
180

5. On Compute tab: Same as Class3D

6. On Running tab: Same as Class3D
Note: The description of running parameters for
3D classification applies here as well.

Click |Rilll ONCE
This job should take 2-5 mins.

When the job finishes, it will report the unmasked resolution (i.e. the resolution of the entire

volume.
we need a mask.

o find out how well we really did, we need to post-process our map (which means
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Mask generation

Generation of masks can be done many ways. The most common is via UCSF Chimera.
Here, we generate a solvent mask from our auto-refined map to use in post-processing.

Mask generation proceeds in 4 steps.

1. The map is low-pass filtered to remove any high-resolution features

2. ltis then binarised by setting all values below a threshold to zero, and all those above to
one

3. The map is expanded by some number of pixels

4. A[O - /2] cosine-shaped density is added to soften the edge of the map

In order to properly determine the threshold for binarization, it is helpful to first low-pass filter
your map before downloading it and loading in into UCSF Chimera:

relion_image handler \

--i Refine3D/job###/run_class001l.mrc \

--o0 Refine3D/job###/run_class001 15Alowpass.mrc \

--lowpass 15

In order to properly determine the threshold for binarization, it is helpful to first low-pass filter
your map before loading in into UCSF Chimera.

Now load run_class00l.mrc and run class001 15Alowpass.mrc into Chimera. Setthe
step sizes for both maps to 1. Use the unfiltered map to see your density and set the
unfiltered map level as high as possible before seeing ‘dust’ (noise) come up.

0.05: Too high 0.02: Just Right 0.015: Too low

[ ] X/ RELION-3.1-bx it-7f8d1d: /home/tjr lion31-tutorial 1 . On I/O tab:
File Jobs Schedules | [0} IMask| Helix| Running Input 3D map:
[import | nput 3D map: 23D/job043/run_class001.mrc . = ;
Hoten corection Input 3D map: [230/j0b043/run_class001.mrc |7) (Browse: Reflne3D/JOb###/run class001l.mrc
Manual | pickina -
° | RELION-31-bet it-7f8d1d: /homeftjr22/relion31-tutorial 2 On Mask tab
‘File Jobs Schedules I '/0\.!!%?_5,\ Helix| Running Initial binarization threshold'
st eciion | Lowpass filter map (A)[15 <l jrmmmmm——| [7] . :
e " sz i — (Just Right value)
Auto-picking Initial binarisation :(0.06 o | . . .
Subses selecion Extend binary map this many pixelsi}2___[=<——]fd Extend binary map this many pixels:
2D classification Add a soft-edge of this many pixels:(10 |m— p—
B 2
Add a soft edge of this many pixels:
5-10
[ ] X/ RELION-3.1-bx it-7f8d1d: /h ji i ial .
File Jobs Schedules 1/0 | Mask | Helix| Running | 3 . On RU n nlng tab:
Mokion correcton Number of threads: 1] | Number of threads:
S‘F esl Submit to queue?|No @ 1
Aotopicing ©
St ccion” (Or you can submit to the cluster using up to 16
I e v threads

3D auto-refine
3D multi-body
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Post-processing

Relion can auto-sharpen our map, and report the resolution within the solvent mask we just
generated, using the Post-process job. Note that this only generates reliable sharpening if
your resolution is significantly better than 10 A (which, at 6.8 A, ours is already.)

RELION-3.1-beta-commit-f2c3d8: /home/tjr22/relion31-tutorial

‘File Jobs Schedules I/O‘ Sharpen\ Fill:er‘ Running

Import
Motion correction
CTF estimation

One of the 2 unfiltered half-maps: run_half1_class001_unfil.mrc () [Browse

Manual picking

Auto-picking
Particle extraction

Calibrated pixel size (A) (3.2037 | jrmmmmmm—r,

Subset selection

......

RELION-3.1-beta-commit-f2c3d8: /home/tjr22/relion31-tutorial

‘File Jobs Schedules o | Sharpen‘ Filter| Running

Import y I
Motion correction Estimate B-factor ?[ves : )@
CTF estimation Lowest resolution for auto-B fit (A):[10 |f—l p— @
Manual pickin —
Aulorpi(?(mg 2 UseyourownB-factorrfno :]fg
-1000 2

Particle extraction

Subset selection

2D classification
3D initial model
3D classification

MTF of the detector (STAR file) imon/MTF/mtf_k2_300kV.star (7] [Browse

Original detector pixel size:(0.885 | jrmmmmmems| (7]

3D auto-refine
3D multi-body

1. On /O tab:
One of the 2 unfiltered half-maps:
Refine3D/job###/run_halfl class001 unfil.mrc

Solvent mask:
MaskCreate/ job###/mask.mrc

2. On Sharpen tab:
MTF of the detector (STAR file)
/net/common/MTF/mtf k2 300kV.star

Original detector pixel size:
0.885

You can choose to submit to the queue or not.
Click |Rilll ONCE

The output of this job has lots of information. Most notably, the b-factor Relion applies for
sharpening is -229, and the calculated final resolution is 7.08 A, which is exactly Nyquist.

As with many other Relion jobs, Post-processing generates a PDF output file. In this case,
various FSC (resolution) and Guinier (sharpening) curves are plotted. Please Display out:
logfile.pdf now.

Fourier Shell Correlation

Final resolution = 7.1 Angstroms

Guinier plots

1.0

0.8 (=

0.6

02 -

0.0

02 | | | | ! | |

In(amplitudes)
T

-10

0.00 0.02 0.04 0.06 0.08 0.10 0.12
resolution (1/A)

The most important line in the FSC plot

is the black line, show the FSC for the
masked map after correction for
masking effects. Here, we can see that
the FSC doesn’t reach zero, indicating
that our data will probably support
higher resolutions than the current
Nyquist resolution.

-11
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018

resolution”2 (1/A"2)

0.020

The most important line in the Guinier
plot is the red line. Ideally we want it to
remain flat at higher resolutions, before
falling off at the highest resolution.
Here, you can see how there’s a small
rise at the higher resolutions, indicating
very slightly over sharpening (this
degree of over-sharpening is not
significant.)
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Next steps

From the output of the latest 3D auto-refine and Post-process jobs, we can see that the map
is at (or very close to) the Nyquist resolution, and the FSC didn’t fall to zero. We should
therefore be able to extract more resolution from our data.

1. Re-extract the particles from the run_data.star file from the Refine3D job. Remember
that Relion requires even box sizes, so increase the particle box size to 280 and the
Re-scaled size (pixels) to 140 pixels.

2. Reconstruct a map from these particles.

3. Skip the Class3D job for this tutorial. Run a new Refine3D job with the newly extracted
particles and map. (Note how much longer this job takes, even with only ~5k particles!)

4. Make a mask and Post-process the new map.

This time, the b-factor is -59 and the map went to 3.9A. The log file shows that the FSC went
to zero — so going to a finer A/pix will not deliver more resolution (and may make it worse as
more noise than signal will be introduced).

Final resolution = 3.9 Angstroms

Fourier Shell Correlation

I
0.00 0.05 0.10 0.15 0.20 0.25 0.30
resolution (1/A)

e —— Mo Komdisal smiskedMgs  ——  dafureShdXon —

If you examine the penultimate iteration in the Refine3D job, you should notice that the
estimated resolution before the two half-maps were combined was 8~9A, which then dropped
to 4~5A once the maps were combined. This is strongly suggestive that signal-to-noise is
currently limiting our resolution, rather than alignment quality.

So it seems clear that we need to either remove more bad particles (Using 2D or 3D
classification, with or without image alignment (look in the sampling tab); or we need to
add more good particles.

In a real dataset, the next step would be to filter out more bad particles, but we’ll skip that
now. DO NOT skip this step on real data - filtering out bad particles is much more powerful
than adding new good particles!

There are two ways of adding good particles: Collecting more data or use symmetry.
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Using symmetry

The main problem with symmetry is that is assumes your particle is symmetric. Any non-
symmetry in your particles will reduce the resolution of your map. Applying symmetry will
also cause you to lose any biologically relevant asymmetry information. Although using
symmetry often gets you a prettier map, it may also be the wrong thing to do. You have been
warned!

There are two steps required to use symmetry (see note below before actually doing these
steps):

1. Align your map to the appropriate symmetry axis (axes).
1. Inthe terminal, call relion _align summetry, giving it the input (--1i) and output
(--o) file names, as well as the symmetry operator (--sym), in this case, D2.
relion align symmetry \
--i Refine3D/job###/run_class00l.mrc \
--o0 Refine3D/job###/run _class001 D2-aligned.mrc \
—--sym D2
2. Although strictly unnecessary, you can then apply the symmetry to your map using
relion_image_handler:
relion image handler \
--i Refine3D/job###/run _class001 D2-aligned.mrc \
--o0 Refine3D/job###/run_class001 D2-aligned D2-applied.mrc \
—-sym D2
It may be interesting to apply symmetry to you unaligned map as well. Please do that
now and examine the results in Chimera.

2. Repeat your Refinements with the new symmetry-aligned starting map and
forcing symmetry in 3D auto-refine (symmetry in the Reference tab of the
3D auto-refine job)

The tutorial data would now go to Nyquist resolution (3.54A.) Normally, you would apply
symmetry, check the resolution of the auto-refinement, and then re-extract the particles and
re-scale the maps. For expediency, please do the re-extraction, rescaling, symmetrical
refinement and post-processing now (use a 280 pixel box and down-scale particles to 200
pixels.)

You should now have a map at 3.3~3.4A resolution (well above the new Nyquist
resolution of ~2.5A. In a real dataset, now would be a good time to remove
more bad particles. For this tutorial, we will proceed directly to refinement of the
CTF parameters and per-particle motion correction. Because it's generally
quicker, we start with a basic CTF refinement.
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CTF refinement

CTF refinement works by comparing your particles to your map — so the better the map, the
better CTF parameter estimates you can generate — which should get you a better map. As
a result, you may need to do 2 or more cycles of CTF refinement + 3D auto-refine.

At low resolutions (worse that ~4.5 A,) only the defocus and large values of astigmatism have
a significant impact on your map. Once you start to go to higher resolutions, other optical
aberrations of the microscope can become limiting. Relion has the ability to estimate these
additional aberrations using the CTF refinement job. Subsequent rounds of refinement will
then take these estimates into account.

The first step is to refine the defocus estimates for all of our particles. In addition, we can
estimate the beamtilt and trefoil (3™ order) aberrations. Other aberration estimations are
possible, but we don’t recommend using them at this resolution.

X RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial .
File Jobs Schedules ] |/o‘ Fit| Running | 1 . On I/O tab
(L — Particles (from Refine3D): [Polish/job052/shiny.star | (2) (Browse) Particles ( from Refine3D ) H
E'I‘LESZ:E::?\; Postprocess STAR file: |cess/job051/postprocess.star (2] [Browse) (USG the run data.star flle from you r refl ne jOb)
Auto-picking _

Postprocess STAR file:
(matching post-process job from refine job)

S RELION-37-beta-commit-716d1d: rome irZZirehond-tatorl 2. On Fit tab:
e jobs schedules | vol rit Running Estimate (anisotropic magnification?
L —— Estimate (anisotropic) magnification? [No : @ No
ﬂ::i‘;si"f\g Perform CTF parameter fitting? Yes )@ P f CTF t f . tt . 2
Auto-picking Fit defocus? | Per-particle : @ errorm paralne er 1 lng d
:i‘;‘s‘e'f:e’]:;f;f" Fit astigmatism? | per-micrograph : @ Yes
2D classification Fit B-factor? [ No @
3D initial del ~ .
3B asicaen Fit phase:shif? o <8 Fit Defocus?
auto-refine .
AB el Estimate beamtilt?|Yes : )@ _
G refin o‘ I Also estimate trefoil? | Yes : @ Per pa.rtICIe_
o Eatnats e ArbeFRpeTatiors1 [ves 8 Fit astigmatism?
Faricle subtracion Minimum resolution for fits (A): (30 J——ei—@) Pe r-microg raph
stimate beamtilt?
Yes
Also estimate trefoil ?
Yes
3. On Running tab:
Number of MPI procs:
- X RLUUN—'i‘—l)'e(a'co'wm\:—Namo /home/tjr22/relion31-tutorial l (4 for real data)
File Jobs Schedules ] 1o Fit| Runnmg‘
Moton correction Number of MP1 procs:(1__ [{i———|) Number of Threads:
CTF estimation Number of threads: |5 [ ———il)
phanuel pickng submittoquever(ves 1]} 5
Particle extraction Queue name: [gpu @
Subset selecti 7 P — .
g‘é i%i?g{tﬁ‘ Queue submit (o;nm‘arfd:}sbatch @ Submlt to queue?
| model Maximum run time (d-h:m:s) (3-00:00:00 @
30 clesmcath GPU count (0-4) [0 I Yes
3D multi-bod Standard script:| lionsh |(z)(Browse
Badesan porshing Minimum dedicated cores per node: |1 [T —————l)
Mask creation Additional arguments: | ] H H H
jon starfles " 8 Click ONCE. This should take 1~2 mins.

If your map is low-resolution, especially noisy, or your particles are especially small, fitting
the beamtilt and trefoil may actually decrease the resolution of your reconstruction. Because
polishing and CTF refinement are iterative, it is often best to fit just the defocus and
astigmatism on the first iteration and only fit the others once the map no-longer improves.

As phase-shift only makes sense for phase-plate data, and even then only plays a major role
at low resolutions, so it's common not to fit the phase-shift at all.

Now repeat the 3D auto-refine and post-process jobs to see if there’s any improvement
(make sure to use the CtfRefine job as the input particles!)
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CTF refinement (output)

The logfile from the CTF refinement job contains a wealth of information.

Defocus refinement

There is an even distribution from Blue to Yellow in most micrographs, indicating that the particles are
distributed across the thickness of the ice. Micrographs with particles localized to the ice/water
interface show strongly blue and strongly yellow particles with nothing between.

CtfRefine/job048/Micrographs/20170629_00022_frameImage_defocus_fit.eps

Several micrographs were tilted.
Note that the particles on, for
example micrograph 31, go from
< .7 mostly blue to mostly gold

wwwww

1m0 350 w0 TG so dwe iso am0 2sw sow  ssw 400

Asymmetrical Aberrations Symmetrical Aberrations
Beam tilt is evident from the lower scale A small Cs error is evident from the lower scale
asymmetric plot (top left plot) as a blue-red symmetric plot (top left plot) as a blue ring at
transition across the plot. No trefoil aberrations higher resolutions (inner to outer.) No tetrafoil
are evident (they would be triangular blue-red aberrations are evident (they would be square
shapes.) blue-red shapes.

The fitted Zernike 'bﬁglj}nomials (below) used for The fitted Zernike pol';no'mials (below) used for
correction seem to match the measured correction seem to match the measured
aberrations (above). aberrations (above).

The fitted beam tilt is 0.03 x -1.17 mRad.
(found in the particles_ctf refine.star file.)

Leicester Institute of Structural and Chemical Biology




UNIVERSITY OF
LEICESTER
Anisotropic Magnification (CTF refinement)

We can also estimate the anisotropic magnification using the CTF refinement job.
Combining the other estimation tasks with this one is not possible, so we simply take the
output of the previous job and use it as input here. (We actually run this later in the tutorial.)

X! RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

[File_Jobs _schedules | 1o i Running| 1. On 1/O tab:
mport Particles (from Refine3D): (053/particles_ ctf_vefine star) () BEEMER) Particles (from Refine3D):
oo ek ‘ respocess s e kessjenoposecess s Ml (s the file from your previous ctf refinement job)
Postprocess STAR file:
(same as for previous polishing job)

Manual picking

X RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial H .

File Jobs Schedules | o] Fit| Running 2. On Fit tab:

s acrote el ves 8 Turn everything off, then:

CTF estimation - . e B o

CTF estinal e o fitting? (B : . . . s .
Autopicking  defocts? (BRI St Estimate (anisotropic magnification?
Particl tracti Eit > =

i LTy it astigmatim? (Penicoa A Yes

2D classification t B-factor? [No 2R

3D initial model = -

3D classificati o - -

3D cutoreine e =g . - :
EE— 3 Click [§llll]l ONCE. This should take 1~2 mins.
Bayesian polishing

Mask creation stimate 4th order a N &

Join star files

§§?§.}'?§;§;’§;“°” Minimum resolution for fits (A): [30 e[ jeee| 7]

1 ocal recnlistion

Once the job finishes, examine the resulting logfile. Similar to the aberrations in the previous
step, we have measured X and Y distortion in the top plots, and fitted corrections in the
bottom plots.

X-disp fit [ Y-disp fit [-1.+1]

Although it is clear from the logfile that the CTF refinement job can detect anisotropic
magnification in the data, the output matrix looks (something) like this:

1.001341 0.001665]

0.001609 0.997878

With anisotropic magnification on the top left and bottom right, and skew on the top right and
bottom left. This indicates that there’s only ~0.3% anisotropic magnification or skew, which is
insignificant at this particle size.
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Bayesian polishing

It is convenient to think of Bayesian polishing as a re-extraction directly from the original
micrograph movies. Unlike standard motion correction, polishing fits map projection to each
frame to estimate the movement (as well as the per-frame resolution.) So, just like CTF
refinement, the better the map, the better the polishing — which should give you a better map.

While it requires you to tune several parameters for your particular dataset for best
performance, you can do at least one round of polishing using the default parameters before
you have to do the fitting (which takes a long time!)

Determining precise extraction parameters is an art. For now, we’ll aim for 3A target
resolution — suggesting we should use a 426 pixel box down-sampled to 252 pixels. But see
the next slide on how this is done in real projects.

X/ RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

File Jobs Schedules ] |/0\Train\pmish|nunning

e e Micrographs (from MotionCorr): [2 ted_micrographs.star [z} [Browse)
estimatio Particles (from Refine3D or CtfRefine): j0b049/run_data.star |[2) (Browse)

Postprocess STAR file: 051/postprocess.star |[7) (Browse.

Manual picking
Auto-picking

Particle extraction - o  —"
byt First movie frame: [1 [ ——————l2)
2D classification Last movie frame: [-1 [ i [2]

3D initial model

3D classification Extraction size (pix in unbinned movie): -1 (——
ey B —
30 multibody Re-scaled size (pixels): 1 ([ et 2]
CTF refinement
Bavecian poliching
o X/ RELION-31-b it-7f8d1d: j ion31-tutorial
File Jobs Schedules I 1/0| Train | Polish| Running
Import ] y o -
M corractian Perform particle polishing? | Yes @
CTF estimation e a|
Manual picking Optimise d parame ter fi ~ |[2)(Browse]
Auto-picking OR use your own parameter: 1)@
Particle extraction s T me—————
Subset selection Sigma for velocity (A/dose): (0.2 | 4’—\@
2D classification Sigma for divergence (A): (5000 || jrmmmmemes 2]
3D initial model : : e
e e Sigma for acceleration (A/dose): [2 o] jmmmmmeme| 2]
= f}:’:ﬁ‘fggi Minimum resolution for B-factor fit (A): [20 || Jrmmeeeri 7]
CTF refinement Maximum resolution for B-factor fit (A): -1 || e 2]
Bayesian polishing =
Mask creation
X' RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial
File Jobs Schedules | o Train| Polish| Running|
Import v
RN creaciin Number of MPI procs: (1 i —C)
CTF estimation Number of threads: 5 [~ ——————l7)
Manual picking . e
Auto-picking Submit to queue? | Yes $
Particle extraction Queue name: [gpu
Subset selection 3 _1997@
2D classification Queue submit command: sbatch []
30 inial model Maximum run time (d-h:m:s) 3-00:00:00 @
3D classification e
35 autb.refine GPU count (0-) (]
3D multi-body Standard ion script: lion.sh |[7)(Browse
CTF refinement o z —
e Minimum dedicated cores per node:(1 || e 7]
Mask reation Additional arguments: | @

Join star files
Particle subtraction

1. On /O tab:

(Fill in appropriate values)

Extraction size (pix in unbinned movie):
426

Re-scaled size (pixels):

252

2. On Train tab:
Train optimal parameters?
No

3. On Polish tab:
Perform particle polishing?
Yes

OR use your own parameters?
Yes

Submit to queue?
Yes

4. On Running tab:
Number of MPI procs:
1 (4 for real data, or fewer if you get a memory error)

Number of Threads:
5

Submit to queue?
Yes

For real data:
Queue submit command:
sbatch --exclusive

Click Bl ONCE. This should take ~10 mins.

Now repeat the 3D auto-refine and post-process jobs to see if there’s any improvement (make
sure to reconstruct a new map and align it to D2, and use the Polishing job shiny.mrc file as

the input particles!)

Now that we're trying to squeeze the best out of our data, we want to set Mask individual
particles with zeros? to No in the 3D auto-refine optimization tab and set the Skip

Padding? option to No in the Compute tab.
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Choosing your box size

This tutorial has so-far presented a fairly complex, math-heavy way of choosing your box size. In

reality, most people just choose a box size twice the size of their particle. For example, for have a
160 A particle at 1.5 A/pix, a typical final box size would be ~214 pixels, with most users choosing
200, 220, or sometimes 256 pixels.

Ultimately, the box size you choose for your final, highest-resolution, map(s) is a compromise
between two factors:

» Bigger boxes incorporate more delocalization information
» Bigger boxes incorporate more noise.

... so the only real option is to try several box sizes out and see which gives the best map (or, if
you’re looking for a quick proxy, the least-negative fitted sharpening b-factor.) Relion does, however,
provide one hint as to how big our box sizes should be.

1. Plot the delocalization for some particular particle set, including the radius of your particle (in this
case 160A)
relion plot delocalisation \
--i Polish/job###/shiny.star \
--0 Polish/job###/deloc \
—--rad 160

2. Open the plot using evince (or download to view with your pdf viewer of choise)
evince Polish/job###/deloc.eps

Delocalisation at 1.49607 A/px (up to 2.99214 A)

1.0

09

0.8 |-

07

0.6 -

fraction of pixels outside of box
T

0.0 1 1 1 1 1 1
0 50 100 150 200 250 300 350
box size (pixels)

— particle center — worst periphery point (radius 160 A)

The black line shows how many pixels of information you exclude for the center of your
particle at some particular box size. The blue line is a bit more complicated. It shows the
‘worst case’. You can think of it like this: for a spherical particle, how many of the particle
images have all the delocalized information captured before you get to the nearest edge.

So, for our box size of 252 pixels, we have all of the information from the center of our
particles, but only ~15% of the images have all of the highest resolution information from the
edge of the particle. This may sound bad, but recall that the delocalization is circular, so most
of the highest-resolution information will still be captured in most of the particle images, along
with virtually all of the lower-resolution information.

The take-home message from the plot is this: There is virtually no information for boxes over
300 pixels, and none at all for boxes greater than 350.
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Next steps
After post-processing, the map is at 3.09A with a fitted b-factor sharpening of -22.71.

Now we repeat the CtfRefine — Polish — 3D auto-refine cycle until we get no improvement.

1. CtfRefine
. Txrn on 4t order aberration estimation — normally we wouldn’t do this until we were below
3A.
2. CtfRefine (anisotropic magnification)
* Use particles from previous CtfRefine job

* Turnon Estimate (anisotropic) magnification. This will turn off all the other
estimations.

3. Run a 3D auto-refine job (optional)

4. Run a Bayesian Polishing job using default settings. For a 2.6A target resolution, we use
a box size of 464 pixels down-sampled to 316 pixels.

5. Run a 3D auto-refine job and post-process. You should now have a map at <3.0A and
fitted b-factor sharpening of > -20 (i.e. -19)

Repeat the above cycle, using the new map.
+ Train the Polishing job (this takes a long time.)

» Normally, you would use 5-15K particles for training. The more particles, the better the
parameter estimates — but you may run out of memory. If this happens, reduce the number
of particles and try again. If this still doesn’t work, set --sbs in the Additional arguments
field in the Running tab (but this will make training even slower!)

* In this case, because we only have 4-5k particles, use 3000 particles.

* On the Running tab, set:

* Queue submit command tO sbatch --exclusive -C skylake to ensure you use
the new nodes with more memory and you reserve all the memory on the node.

* MPIto 1 and Threads to 16.
* Use the trained parameters by pointing the Optimised parameter file: to your training
job output.
* Once you’ve done the post-processing, repeat the Refine3D and post-processing jobs:
* Reference map: run _class001.mrc from previous Refine3D job
» Reference mask: soft mask derived from the reference map

* Repeat the above, turning on solvent-flattened FSCs on the Optimization tab of the
Refine3D job.

* The resolution (sharpening b-factor) obtained in writing this tutorial, after post-processing,
were:

+ Refine3D: 2.85A (-19.84)
+ Refine3D with masking: 2.85A (-18.25)
+ Refine3D with masking and solvent-flattened FSCs: 2.85A (-18.37)

+ People often want their final map to be a ‘full’ resolution map. If you try this, you'll find a
box size of 464 pixels is too big for the GPU memory. Instead, repeat the final Polish,
Refine and Post-processing jobs with a box size of pix (and no down-sampling).

Leicester Institute of Structural and Chemical Biology 46




UNIVERSITY OF
LEICESTER

Local Resolution

Once you have obtained a density map, it can be useful to display the local resolution
estimate to get a better feel for your results. Here, we use Relion’s built-in local resolution
estimator for the calculation, then UCSF Chimera for display.

X| RELION-3.1-beta-commit-7f8d1d: /home/tjr22/relion31-tutorial

‘File Jobs Schedules I/O‘ ResMap‘ Re|ion‘ Running

Motion correction

CTF estimation User-provided solvent mask: askCreate/job071/mask.mrc (2} (Browse)
Manual picking

Auto-picking
Particle extraction
Subset selection

Calibrated pixel size (A)[1.2744 [—{ ——i|[z]

Import One of the 2 unfiltered half-maps: run_half1_class001_unfil.mrc () [Browse

(@ X RELION-31-b it-7f8d1d: /homeftir
1Flle Jobs Schedules l o|| ResMap‘ Relion| Running
Import 1 —————————
Motion correction Use ResMap? NO—' E]
CTF estimation ResMap executable: fesMap/ResMap-1.1.4-linux64) (7] [Browse
Mamieal niVine

[ X/ RELION-3.1-by it-7f8d1d: ion31-tutorial
File Jobs Schedules I o| ResMap‘ Rehon]‘ Running
Motion correction e Yes :

CTF estimation

User-provided B-factor: [-26.7 _|em—— | (2]
Manual picking —_—
Pl MTF of the detector (STAR file) (2] [Browse)
Particle extraction

Import

e X/ RELION-3.-b it-7f8d1d: /home/tjr

File Jobs Schedules | 1/0| ResMap| Relion | Running |
Import . —)
Motion correction NumbencMRLprocs:|5 I ‘[ﬂ
CTF estimation Number of threads: 2 < ——————7)
Manual picking —————
Auto-picking Submit to queue? [Yes 1: )@
Particle extraction Queue name: [gpu )
S seioodon : T
2D classification Queue submit command: |sbatch 1@
3D initial model Maximum run time (d-h:m:s) [3- @
3D classification
30 Sutorehine GPU count (0-4) [0 @
3D multi-body Standard submission script: |/net/prog/slurm/relion.sh [2][Browse
CTF refinement —
Bayesian polishing Minimum dedicated cores per node: |1 I.— @
Mask creation

Additional arguments:

Join star files itioralarguments:( @
Particle subtraction

X| Surface Color

Color surface relion_locres_filtered.mrc (#1) —A|

by volume datavalue —

volume file relion_locres.mrc (#0) —4‘ browse... |
2.799 [3.091 3.673 |3.965

Colors 5 -~ |Palette Rainbow —| Reverse
Create color key

full range of surface values

Color outside volume Il

[~ Only color sliced surface face

I Report value at mouse position
[ Per-pixel coloring

Color | Uncolor | Options I Close | Help |

1. On |/O tab:

One of the 2 unfiltered half-maps:
Refine3D/job###/run_data.star
Calibrated pixel size:

(from Extract/Polishing job)

2. On ResMap tab:
Use ResMap?
No

3. On Relion tab:

Use Relion?

Yes

User-provided B-factor:

(from Post-process job)

MTF of the Detector (STAR file)
/net/common/MTF/mtf k2 300kV.star

3. On Running tab:
Number of MPI procs:
4 (8 for real data)

Number of Threads:

2

Submit to queue?

Yes
Click il ONCE. This should take ~45 mins.

4. In UCSF Chimera:

4. Openrelion_locres_filtered.mrc and

relion_locres.mrc files from your
LocalRes/job### directory

5. Hide the relion_locres.mrc map

6. Onthe volume viewer, click on Tools >
Surface Color.

7

8

Color surface relion_locres_filtered.mrc by

volume data value
. Set volume file relion_locres.mrc
9. Click Options
10. Click Reverse
11. Click Color

12. (Optional) Change the histogram contour and

click Set (full range of surface values)
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Cleanup

Relion projects can take up lots of space. In most cases, most of this space can be
reclaimed once the processing is done. Relion includes a Gentle clean option to remove
the intermediate steps from jobs (we have already used this for removing FOM maps in
picking.) This should be run once you’re happy that you won'’t need, for example, iteration 17
from a 25 iteration 2D classification. You can also gently clean an entire project once you've
decided that a project has finished.

Relion also includes a Harsh Clean option, which will remove nearly everything apart from
the star files that record what you did. You should use this once you've decided a project
isn’t worth doing anything with, but you still need to keep it, i.e. to match up to your lab
notebook, etc,...

[ X/ RELION-3.1-by it-7f8d1d: ji ion31-tutorial ‘ 1 . Empty TI’aSh

Jobs _Schedules | /0| ResMap| Relion| Running|

Re-read pipeiine  AIFR 1. On Relion menu bar, click on File
Edit projectnote  Alt+E .

Print all notes 2 C|ICk on Empty traSh

Remake .Nodes/  Alt+N

Display Alt+D

Overwrite continue Alt+0

Show initial screen Alt+Z

D . RELION-1-bota-commit7841d homef22folonst-worial . 2. Genﬂy clean all jobs

e IR scheduies | ol e Rt Runivg| | 1. On Relion menu bar, click on Jobs

Load job setti Alt+L H 2

Qe SlisbstcaNy AR 2. Click on Gently clean all jobs
Order chronologically Alt+C

Undelete job(s) Alt+U

Run scheduled jobs

Stop running scheduled jobs
Export scheduled job(s)
Import scheduled job(s)
Gently clean all jobs

Harshly clean all jobs Alt+H
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Appendix: External jobs

Relion has the ability to run external jobs and include the results into it’s pipeline. So that
software written by various groups can be used, we have written a small Python package
called relion-external.

The list of currently available packages is:

» Topaz
+ Picking using pre-trained or your own model
+ Training
» Denoising

« crYOLO

+ Picking using pre-trained or your own model
+ Training
» Denoising

« Janni
» Denoising
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External: Topaz picking

Although it is essential that you examine your data (which is why we recommend at least a
quick manual-picking strategy,) Al based autopickers perform very well on most datasets.
We have integrated Topaz (https://qithub.com/tbepler/topaz) into Relion via the External job

type.

Not all of the features of Topaz are currently available. If you require a feature we haven't yet
implements, please let us know. To see what features are available, go to the command line
and run:

/net/prog/relion-external/topaz-pick.sh -h

Note that the Relion external job will add “~-" to any option label. For example, if you want to
specify the model path, use “model” as the label in the Params tab, not “~--model”. Here we
demonstrate how to setup a default run.

X| RELION-3.1.1-commit-64cc52: /home/tjr22/relion_tutorial

‘File Jobs Schedules Input‘ Params\ Running‘

T — Extemal executable:relion-extemalftopaz-pick.sh) () (BiWSe 1. On /O tab:
Cie cmaon putmevies: ()} G External executable:
Auto-picking Input micrographs: Elect/job004/micrographs.star | (2] [Browse . g
Paric xracton o gecgonsssnicegacre o QS /net/prog/relion-external/topaz-pick.sh
2D classification Input coordinates: [2)[Browse]
3D initial del .
et Ll Input 3D reference: (2] [Browse I nput Mic rograph s
uto-refine Input 3D mask: 7] . A
TET Select/job###/micrographs.star
Bayesian polishing
Mask creation
Join star files
Particle subtraction
Post-processing
Local resolution
e _seneae | o] Rant_|
X/ RELION-3.1.1-commit-64cc52: /homef/tjr22/relion_tutorial
‘F“e Jobs  Schedules | Inpu(‘ Params‘ Running‘ .
P — = 2. On Running tab:
M P Number of threads: |8 [f——7)
lotion correction - = .
Stimation Submitto queve? (ves B0 Min. Number of threads:
Manual picking o — @
Auto-pick : [gpu ] G
Pl ton e @ 8 (use up to 8 threads per GPU)
Supes e ton Maximum run time (d-h:m:s) (3-00:00:00
3D initial model GPU count (0-4): |1 2 3
33 :fiif:ﬁa:fn Standard ission script: /prog .sh @ Browse GPU count °
30 mukiod Minimum dedicated cores per node Z (use 4 for a real dataset)
S o dedicated cors or e 1 (use
Bayesian polishing Additional arguments:
Mask creation
Join star files
Particle subtraction
Post-processing
Local resolution |
— seneaue | cmanme] _Rant_|

Click on the finished job, and display the results in the same was as for any other picking job.
You can adjust the default threshold between -6 and 6 (the default is 0). Higher values mean
fewer picks. If you add a threshold in the Params tab and continue the job, relion-external
will use the already-generated Topaz scores rather than re-running Topaz from scratch.

Note that Topaz generates scores across batches of micrographs - so if you have very poor
picking it's possible your problem is not in the micrograph you’re looking at but another in the
batch. For example: users sometimes accidentally include the gain-reference images output
by EPU in their projects. If one of these gain-reference images is included in a batch by
Topaz, very poor picking often results.
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Appendix: 3D classification with multiple initial maps

If you ask Relion to run 3D classification with 4 classes, by default it will make four copies of
your initial map, randomly assign each particle to one of the classes, and use the resulting
reconstructions as starting points for further classification. The small variations this
procedure produce are often more than enough for subsequent iterations to amplify into the
classes we want.

If, however, you’re concerned that a starting map is too biased towards one particular
structure, you can run a 3DAutoRefine job on the whole data set to get a consensus map.
That map can then be used as a starting template for further classification.

In rare cases, though, we may want each class to be ‘seeded’ with very different initial maps
(see, for example, Morris et. al, NSMB 2019 26(10), 890-8). We can do this using an
appropriately constructed .star file.

For example, if we had four maps in a directory called e.g.

relion project dir/my maps/mapl.mrc (Where relion project dir/ is our relion
project directory,) we could create a star file

relion project dir/my maps/initial models_ for_ jobXXX.star:

data_

loop_
_rlnReferencelImage
my maps/mapl.mrc
my maps/map2.mrc
my maps/map3.mrc
my maps/map4.mrc

And then put this star file in the Reference Map: field of the 10 tab of a 3D Classification job.
Note that if you provide 4 maps and ask for more or fewer than 4 classes, Relion will use 4
classes, but subsequent metadata handling will get confused — so make sure that if you
specify the same number of classes on the optimization tab as entries in your .star file.
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