A Hitchhikers Guide to Structural Cryo-ET
(in Warp 2.0 & friends)

Alister Burt

Dimitry Tegunov ‘s group ™|
@ Genentech

01/04/25

Genentech

CRYO-EM




quick intro

name: Alister Burt

how | got here:

e PhDinGrenoble N with Irina Gutsche
e MRC-LMB Cambridge - with David Barford
e Genentech . with Dimitry Tegunov

scientific interests technical interests

e cryo-ET/averaging e scientific visualization

e enabling cool biological discoveries e python/open source



Cryo-EM Team

Alexis Rohou Matt Johnson Caleigh Azumaya Przemek Dutka
Director / Sr.Pr.Sci.  Pr.Sys.Spec. Sr.Sys.Spec. Sr.Sys.Spec.

Established in 2015
by Claudio Ciferri

Dimitry Tegunov  Alister Burt
Pr. Scientist Comp. Sci. 3



Talk Overview

structural cryo-ET
theory: from micrographs to maps

software workflows
how do | actually *do* cryo-ET processing? illustrated examples
focus on Warp 2.0 a fun example where thinking was useful!

sneak peak of Relay



Cryo-Electron Tomography (cryo-ET)

Electron Beam
Directions

electron beam

OBJECT

Projections

Luci¢etal. JCB (2013)



let’s get on the same page...

multi-frame tilt-images tilt-series tomograms
micrographs




What does a structural cryo-ET workflow look like?
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What does a structural cryo-ET workflow look like?




tilt series processing is a superset of frame series processing






























now let’s do it for tomography






























tilt series processing is a superset of frame
series processing

| hope I've convinced you



the CTF in tomograms



CTF is changed a lot by defocus

1um defocus
2 A/px

2um defocus
2 A/px




sample thickness matters

beam direction

thin SPA sample :
P el e thick(er) tomo sample



sample thickness matters

beam direction

thin SPA sample thick(er) tomo sample
focal plane

whole sample between
0.8-1.2 um defocus

safe to assume all particles at unsafe to assume all particles at
same defocus same defocus

whole sample at ~1um defocus



sample thickness matters

beam direction

O degrees
focal plane

different defoci for particles
at d iffe re nt d iSta n CeS frO m > Ultramicroscopy. 2000 Jul;84(1-2):57-64. doi: 10.1016/s0304-3991(00)00005-x.
focal 0) ENE Defocus-gradient corrected back-projection

G JJensen ', R D Kornberg



sample thickness matters

beam direction

O degrees
focal plane

90 degrees

Efficient 3D-CTF correction for cryo-electron
tomography using NovaCTF improves

subtomogram averaging resolution to 3.4A

Beata Turofiova %, Florian K.M. Schur %, William Wan % John A.G. Briggs *® 2 =




Software Workflows



the patchwork of cryo-ET software

Data collection Per-tilt motion Tilt Series Alignment C a. 2 O 1 8
correction

Sample prep

Use gold grids

Have a good aligned
scope& camera

Dose-symmetric Scheme Motioncorr2 Imod, AUTom,

Continuous tomo — Unblur Raptor, Protomo, Patch
Hybrid STA AlignFrames Track/Alignator, Ariatomi

Do it some early time
Randomized angular step, Cylindrical Geometry

Correction for non-

Dose Weighting
linear bead motion

Motioncorr2, Unblur,

Particle picking Tomographic Reconstruction CTF correction ? Relion, etc

—_—
Ctfphaseflip(IMOD)

. Throw away bad
TOMOCtf, EMAN2, TOMOalign projections

By hand, template matching WBP, SART,
Geometry, Segmentation IC.ON, SI.RT NovaCTF*, EmSART/ Ariatomi
IMOD, Dynamo, EMAN2, Ariatomi

Molmatch, CNNs, Ariatomi Per tilt CTF determination

Equally sloped tomo "3 =
MBIR, Compressed Sensing GCTF, CTFFind

Ctfplotter, TOMOCtf
EmClarity

Refinement of Particle
Motion
Particle extraction, (EmClarity, Ariatomi)

per-particle CTF Subtomogram Alignment Averaging and Classification a ‘ Anisotropic mag correctio

IMOD, Unblur, Motioncorr2,
Ariatomi

PEET, Dynamo,

PEET, Dynamo, PEET, Dynamo, -0 , )
Relion, EMAN2, | oo EMAND, AV, Relion, EMAN2, W) Post-processing,
Ariatomi PyTOM, i3 Av3, PyTOM, i3 sharpening

Spherical Harmonics Machine learning

| o ) Machine Learning Further progress: .
Bartesoghistal 2008, * New/ better modules Kendra Leigh &

Warp —Tegunov et al (Bioarxiv)

PyTOM workflow ~16 operations of various difficulty ¢ CrOSS‘ta I k between the mOd u IeS Produced with input from M | S h a KU rd rya S h eV
~5 image interpolations ¢ Standardized 10 AlexJ. Noble (NYSCC)




things are improving...

Warp+M
RELION 5
STOPGAP
EMAN
Dynamo
IMOD/PEET

nextpyp
scipion



things are improving...

Warp+M
RELION 5
STOPGAP
EMAN
Dynamo
IMOD/PEET

nextpyp
scipion

trend is towards ‘complete pipelines’..

e isthat what we want?
e isthatrealistic?



tomography (and tomography projects) are,
by definition, complicated...

if they aren’t you should probably be doing single particle



tomography (and tomography projects) are,
by definition, complicated...

if they aren’t you should probably be doing single particle

one software package is unlikely to solve *all* of your problems



the Warp + M workflow

Data
acquisition

Motion correction,

CTF estimation,

ML-based particle picking,

tilt series alignment through IMOD,
tomogram reconstruction,
denoising,

template matching

Simultaneous refinement

of deformation models,

particle poses and CTF

parameters for several

iterations " Reconstructs,
denoises

Final high-resolution
maps for all species

Refined maps for
Updated 0
d:firmalion all species, particle

assignment and

models and CTF . "
parameters 2 globally aligned
poses

20 particles,
sub-tomograms,
3D CTFs,
metadata

o o REL
ET::\?UC“ v / 2D classification,

- =, ab initio map generation,
‘QJ’ { \ 3D classification,
3D refinement

slide from Dimitry



Warp/M had a great GUI

DURCHLICHTELEKTRONENMIKROSKOPIEBILDDATENENTZERRUNGSWERKZEUG

Raw Data

Overview

Input

Input.  Givpp_ribos\10153\upload\ — *if
| Pirel X/V: 05450/05450A, @ 00°

Bin: 1.00x (1.0900 A/px)

Dose:  1.00 e/A*/frame

Preprocessing

/| Correct gain using: G\vpp_ribos\10156\gain_trans_flip.mrc

Window: 512 px Range: 0.10-065 Ny Use Movie Sum
| Voltage: 300 kv Cs:270 mm Cc:270 mm
Amplitude: 0.10 ll Aperture: 30 prad  AE:0.70 eV

| Defocus:03-40um |V Phase Shift Model Ice Ring

Processing Status

Astigmatism (use up to 3.0 o)

+ Motion
Consider 5 Ny, weight with B

Models

Defocus: 5x5x 1 Motion: 5x 5 x 20

Phase shift (use O

094

047

Pick Particles
Use
Expect 260 A, cryo particles; use scores above 0.70
Maintain a minimum distance of 20 A from &

/| Extract 360 px boxes, 10900 A/px, /| invert, || normalize

Output

Skip first 2, last O frames,
Average
Deconvolved average (strength = 1.00, falloff = 1.00)
Aligned stack, collapse every 1 frames

ROCESSING

s g,
B b 2
000

Estimated resolution (use better than 4.9 A)
aor

Fame o T e A & g e v

184
052 *

000

Number of particles iff _BoxNet2Mask 20180514 f- 20510 overall, 15158 good (use at least 1)

& (use up to 10 %)

a9
a9

00~ et e e 0 St et o e e i it o8 i

‘Jf ey




but they were locked in a Windows cage




conda install warp -c warpem -c nvidia/label/cuda-11.7.0 -c pytorch -c conda-forge




M'’s first significant result

Small-molecule drug
resolved at 3.5A... ... inside a 70S ribosome...
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Mmmodel the whole system

Multi-particle system, optimized simultaneously

Image-space
warping

Movement Rotation

Volume-space

warping Doming

Tegunov et al., Nature Methods (2021)



benchmarked on linux with 5-TS from EMPIAR-10491
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looks good! #:



Warp & M continue to hold resolution
records in SPA and Tomo in 2024 (?)

s
o At o~
P 7

In situ tilt series, 80S ribosome: 2.5 A
Huaipeng Xing & Martin Beck’s team

M. THE MOST
POWERFUL LETTER
IN THE WORLD.

In vitro apoferritin tilt series: 1.5 A
Martin Obr & Abhay Kotecha’s team

In vitro apoferritin frame series: 0.99 A
My reprocessing of Holger Stark’s EMPIAR-10591

slide from Dimitry



Documentation for users who like to read &

0 warpem/warp

UM\ Quick Start: Tilt Series

Submit a Bug * Team

" User Guides - Reference Papers on Group

1§ User Guides

Overview

Desktop Warp
Quick Start: Frame Series

Quick Start: Tilt Series

Desktop M
Quick Start: M

WarpTools

Installation

Quick Start: Frame Series
Quick Start: Tilt Series

--out_averages \
--out_average_halves @

Motion corrected averages will be written out to the warp_frameseries/average directory.
Motion and CTF related metadata will be written into XML files, one per frame series, in the

warp_frameseries directory.

b Tip

Algorithms in WarpTools were written for GPUs with ~16GB memory.

If you're lucky enough to access to bigger cards, try running multiple worker processes per GPU. We typically use --
perdevice 4 on A100 cards with 80GB memory.

Parameters explained
Grids

The --m_grid 1x1x3 and --c_grid 2x2x1 parameters define the resolution ( XxYxT ) of motion
and CTF models that will be estimated.

When processing tilt series data we typically recommend 1x1xNFrames for motion grids due to
the low amount of signal available per tilt and 2x2x1 for CTF grids to enable checking that
defocus varies as expected across the tilt axis.

CTF Parameters

o --c_range_max is the maximum spatial resolution of information used for fitting in A

e --c_defocus_max is the maximum allowed defocus value

--c_use_sum controls whether CTF estimation use the power spectrum from the motion
corrected average or the sum of per-frame power spectra for estimation. Estimating from the
motion corrected average can be useful in the absence of an energy filter, or generally when per
frame signal is low.

Table of contents
Overview
Pre-Calculated Results
Preparation
Download the data
Create Warp Settings Files

Preprocessing: From Frames to
Tomograms

Frame Series: Motion and CTF
Estimation

Tilt Series: Import
Tilt Series: Alignment

Tilt Series: Check Defocus
Handedness

Tilt Series: CTF Estimation

Tilt Series: Reconstruct
Tomograms

Particle Picking
Template Matching
Export Particles
Initial 3D Refinement in RELION

High Resolution Refinements in

Setup in MTools
Running M with MCore
Final Map: 2.9A




Workshops for users who don’t like to read &

Shyamal Mosalaganti m
@s_mosalaganti
Day1 of cryoET image processing workshop. Warp/Relion/M masterclass
from @AlisterBurt

3D refine setup

O b

til Serie

6:12 PM - Jun 10, 2024 - 7,947 Views

Qs 137




Relay

Warp, M + friends on the web!

(not yet released)
(soon, maybe?)
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Relay nice to see you!

Usomame *




Relay nice to see you!

Usomame *




Projects Oh Retay?
Oudest project
S PO My Project
I 1 Pa:Bunny project & snconia, 78 days by Admin
BRA . Crosted 200%-02-20
Bigoest project

@ $4 318 Yomogram Recosairucton Fiashed 116 ago PO My Project

© S4 317 CTF eamation Finshed &¢ ag e 8 88 127 s

© 84 416 Aign with Evso Fevahed 8¢ ags [ ] A .

© 54 15 Descloct s Firvshed 74 300 spaces, 8 peojece
@ 54 314 T senes data set Firvahed 74 a0

< Mar25

#‘-& P2: Third Project with a very long nameé that will certainly... & P3: P

] Croated 20040100 Created 20350110
< Mar?2s5

9 Sr012Vee Finmhed 2004-02-20

@ 81311 irpont map Faled 20260220

© 81310 Vice Firshed 2005.02.20

© S1.9 Exvact panicles Finshed 20250215

© 5128 Exiact paricles Finished 2025-02:15

Croated 2004-08-27 Creates 20261114

% PO: My Projoct P1: Second Project

© 509120 30 casateanon Firsshed 20241200 7 $1J7 Core 2 0f bha Buldng for 62¢ 150
@ 50119 Moson & CTF Fivahod 20241200 7 5106 Cone of bia Buloeg for 824 150
© 503118 Moson & CTF Firsahed 20241200 7 StJsba Buldng lor 6240 150
© 503917 Moson & CTF Finished 20241203 7 StJeva Buldng for 860 21 0
© 503116 Moton & CTF Finished 2024-12-03 7 5103 Postgrocessing Buiding for 674 14h




Creaed
20250324 1035, by Ademin

Last mosified
0250524 1035, by Asmin

Members
Asrvn 0

© jobs in O views, 0 spaces

G Doleto project




V1 View 1
Croated 220024




Created
20050324 1150, by Aden

Last mosified
20050324 1150, by Adwin

1jobs




& Firsshed In 0007

Created
20250524 1159, by Adsin

Last mosified
20050324 1150, by Admin

2 jobs




(A)  P5:Keystone v

@ Local Queue Local

iy

S1: Key

v V1: View 1 N

Fake 1 Mixed

Fake 2 GPU GPU

General Queue Mixed

£ P581J2 GPU
Motion & CTF

2025-03-24 12:32, by Admin
@ 00:33

V1: View 1

Name

Created
2025-03-24 11:59, by Admin

Last modified
2025-03-24 11:59, by Admin

2 jobs




@ P5: Keystone v S1: Key v V1: View 1 v

ﬂﬁ] Users Queue configuration V1: View 1

Name
Available queues Submission script template Settings Custom variables Advanced settings

View 1
+ @ /P Available variables: {{ command }} {{ job_id }} {{ n_processes }}

{{ n_cores }} {{ memory_gb }} {{ n_gpus }} {{ gpu_memory_gb }} Queue name

Icon
Fake 1 {{ run_directory }} {{ std_out }} {{ std_err }} {{ c_queue }} General Queue

Fake 2 GPU Available modules: {{ cpu }} {{ /cpu }} {{ gpu }} {{ /gpu }} D

{{ warp }} {{ /warp }} {{ imod }} {{ /imod }} Queue type

General Queue

{{ relion }} {{ /relion }} {{ mpi }} {{ /mpi }} Mixed Notes

#!/bin/bash Send command template

Available variables: {{ command }}
#BSUB -] {{ job_id }}
#BSUB -q short

{{ gpu }}
#BSUB —gpu "num={{ n_gpus }}:j_exclusive=yes" Submit job command template Created

ssh tegunovd @ec-hub.sc1.science.roche.com {{ commanc

#BSUB -sla gRED_cryoem_gpu Available variables: {{ script_path_abs }} 2025-03-24 11:59, by Admin
{{ /gpu }}

#BSUB -n {{ n_cores }}
#BSUB -M {{ memory_gb }}GB

#BSUB -R "span[hosts=1]"
#BSUB —e {{ std_err }} Available variables: {{ job_id }}

bsub < {{ script_path_abs }} Last modified
2025-03-24 11:59, by Admin

Status job command template 2jobs

#BSUB -0 {{ std_out }} bjobs -noheader {{ job_id }}

ml gRED

Abort job command template
ml spaces/cryoem

Available variables: {{ job_id }}
relion }} bkill {{ job_id }}

relion/5.0-beta
/relion }}

imod }}
IMOD
/imod }}

warn 31




: Keystone v S1:Key

J2: Motion & CTF

Created
20250024 1241 42, by Admin

Last mosiied
20250324 125204, by Adein

Submtied 20050324 124203
Launched 20250328 124224

Parents
© Jt Framo-seres data set




(R)  P5:Keystone v S1:Key V1: View 1

17 J2: Motion & CTF © J2: Motion & CTF

€§3 @ p Details Parameters Results

Name

Overview Details

Created
2025-03-24 12:41:42, by Admin

Last modified
2025-03-24 12:58:35, by Admin

Submitted 2025-03-24 12:42:03
Launched 2025-03-24 12:42:24
Finished 2025-03-24 12:58:35

Parents
@ J1 Frame-series data set

[0 Clone job

< Clear job

W Delete job




(A) Pa:Bunnyproject S4:PolwrBoar v £ Admin

la J14: Tilt-series data set © J14: Tilt-sories data sot

® m 1 2 4 5 Dﬂ_l_ulpllm
Nameo
(_

Cloas all -5 Cosoloctions Cloar all tit desoctions Expont selection
Overview Tit servies details  Tilt movie details

Created
202500-12 182704, by Admin

Last modified
202600-16 122057, by Admin

Subentied 20050312 184450
Launched 20250312 1544 58
Firishod 2025-00-12 184524

Pacents
© M Conect 2

Chikdren
© 15 Dosolect tis
© J16 Asgn with Exomo

U Cione oo




@ P4: Bunny project v S4: Polar Bear

17
& B

J14: Tilt-series data set

V1: View 1

Overview Tilt series details Tilt movie details

Tilt angle (°)

50.0

-40.0

Accumulated exposure (e7A2)
200

100 **%%200q,,

0.00

Median image intensity relative to series
maximum (%)

Clear all tilt-series deselections Clear all tilt deselections Clear all tilt deselections in this series port selecti

S, Admin
@ J14: Tilt-series data set

Details Parameters

Name

Created
2025-03-12 18:27:04, by Admin

Last modified
2025-03-16 12:20:57, by Admin

Submitted 2025-03-12 18:44:49
Launched 2025-03-12 18:44:58
Finished 2025-03-12 18:45:24

Parents
@ J13 Clone of J2

Children
@ J15 Deselect tilts
@ J16 Align with Etomo

[0 Clone job

Add




@ P4: Bunny project v S4: Polar Bear V1: View 1 & Admin O

17 J16: Align with Etomo @ J16: Align with Etomo

@3 @ ! ’ Details Parameters

e

Overview Tilt series details

Number of tilts
42,0

410

40.0

Min and max tilt angle (°)
50.0 5

5.00

-40.0

Tilt axis angle (°)
-84.6

-85.6

-86.6

Min, average, and max shift in X (A)
200

100

0.00

Min, average, and max shift in Y (A)

Name

Created
2025-03-17 17:42:02, by Admin

Last modified
2025-03-17 19:45:09, by Admin

Submitted 2025-03-17 19:39:03
Launched 2025-03-17 19:39:10
Finished 2025-03-17 19:45:09

Parents
@ J14 Tilt-series data set

Children
@ J17 CTF estimation

J Clone job

< Clear job




@ e - st | T

s J16: Align with Etomo © J16: Align with Etomo
S8 B - = : Detalls Parameors

Na=o

Created
202500-17 174202, by Admin

Last modified
20250017 194500, by Admin

Scbmited 2050317 193003
Launched 20250317 1939:40
Firghod 202500-17 194500

Pacents
© J14 TE-ponion cata sat

Chisdren
© 317 CTF estmation

L Cione ko

Shiftin X (A)

03¢ .

Q0 4eereet " Peseatetugttscntas

Shiftin Y (A)




@ P4: Bunny project S4: Polar Bear V1: View 1

174 J18: Tomogram Reconstruction

S | @ [= =

1 2

—

Coordinates Zoom
162 237 4g Q 95% @

Particles

n‘,,l ‘

:

"""f""‘b‘" W

& Admin
@ J18: Tomogram Reconstruction

Details Parameters

Created
2025-03-23 22:44:08, by Admin

Last modified
2025-03-23 23:06:49, by Admin

Submitted 2025-03-23 23:05:21
Launched 2025-03-23 23:05:49
Finished 2025-03-23 23:06:49

Parents
@ J17 CTF estimation

[0 Clone job

« Clear job

i/ Delete job
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But tomography is still hard...

slide from Dimitry



illustrated examples



Consensus reconstruction of the native
y-tubulin ring complex

~11 A from 8000 particles
Warp -> Dynamo -> RELION -> M
co-refined with microtubules which plateau at ~6 A

Tom Dendooven, Stan Yatskevich & John Kilmartin



Misalighed subsets of y-TURC particles are identified by 3D
classification




Manual registration improves density at the
microtubule seam formation interface

' ANe2T

before registration

per class transformations defined in ChimeraX and a N
»

applied on relevant particle subsets




Manual registration improves density at the ring
closing interface

before registration

A%

~

per class transformations defined in ChimeraX and
applied on relevant particle subsets

-



before registration

identify misaligned subsets of data
Class3D in RELION

X A‘






Leveraging multiplicity of y-TuSC subcomplex
improves density in regions of interest




Leveraging multiplicity of y-TuSC subcomplex
improves density in regions of interest

c.f. Localized reconstruction, llca et al. 2015



Leveraging multiplicity of the y-TuSC subcomplex
improves density in regions of interest

° ~7 A reconstruction from
naparl'SUbboxer 7 x 8000 particles

c.f. Localized reconstruction, llca et al. 2015



~7 A reconstruction from
7 x 8000 particles

Article | Open access | Published: 12 April 2024
Structure of the native y-tubulin ring complex capping
spindle microtubules

napari-subboxer

Tom Dendooven &, Stanislau Yatskevich &, Alister Burt, Zhuo A. Chen, Dom Bellini, Juri Rappsilber,
John V. Kilmartin & & David Barford &




thanks for listening!
(cue the workshop start)



