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We are witnessing a Revolution in Cryo-EM

BIOCHEMISTRY

Advances in detector technology and image
processing are yielding high-resolution

] ]
The Resolution Revolution koot i

Wemer Kithlbrandt

recise knowledge of the structure of
Pmacmmo]ecules in the cell is essen-

tial for understanding how they func-
tion. Structures of large macromolecules can
now be obtained at near-atomic resolution by
averaging thousands of electron microseope
images recorded before radiation damage
accumulates. This is what Amunts ef ol. have
done in their research article on page 1485 of
this issue ([}, reporting the structure of the
large subunit of the mitochondrial ribosome
at 3.2 A resolution by electron cryo-micros-
copy (cryo-EM). Together with other recent
high-resolution eryo-EM structures (2-4)
(see the figure), this achievernent heralds the
beginning of a new era in molecular biology,
where structures at near-atomic resolution
are no longer the prerogative of x-ray crys-
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MICROSCOPY

Cryo-EM enters a new era

Advances in detector hardware and image-processing software have
led to a revolution in the use of electron cryo-microscopy to determine
complex molecular structures at high resolution.
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Maps released at EMDB increase..
and the achieved resolution

Cumulative number of maps released
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Key contributing factors

1. Improvement of microscopes, specially
the Direct Detector Devices (DDDs).

2.Development of image processing
software and increasing computing power.
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Cryo-EM encompass different experimental techniques
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1.Single Particles

2. Tomography

3. Helical

4. Crystallography
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Single-Particles is the most used technique

Distribution of released maps (3468 in total) as a function of technique used

Electron crystallography: 1

Tomography: 3%

Helical: 7%*/\

Subtomogram averaging: 1 1%\

Single particle: 77%
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Single-Particles

Workflow:

from Movies to 3D Model

Lyt §
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Movies ¢

Movie alignment

Micrag raphs,i‘

CTF estimation

l."_‘rFsi. Micrographs

Particle Picking

Coordinates *

2D Classification

2D Classes lF'a rticles

Initial Volume

h’nlume#

3D Classification

3D Classes 4. Particles

3D Refinement

Refined ‘u’nlumel
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Motion correction between movie frames

o First frame —s

. -0 -8 -6
Uncorrected image ¥ shift
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To enhance contrast, images are taken out-of-focus
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EM images are affected by the CTF

PSD Image

Display
) CTF
' Log(PSD

S

Export Graphics
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File Display Tools Help

CTF serves to discard bad micrographs

il & 50 & 1 Cols H Rows
slock[cTF [+
id | enabled _psdFile _¥mipp_enhanced_psd| xmipp_ctfmodel_quadrant| _defocusU _defocusV | _defocusAngle| _defocusRatio
1 1 : | 33977.3984 | 33087.3008 637310 1.0269 |Runs/000002_ProtimportMicrographs/extra/FoilHo
2 2 33782.5000 | 32638.1992 91,5366 1.0351 |Runs/000002_ProtimportMicrographs/extra/FoilHo
zl 3 33236.5000 | 32524,1992 80,1429 1.0219 |Runs/000002_ProtimportMicrographs/extra/FoilHo
4] Il | D
Micrographs Recalculate CTFs
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We need to select 'particles' from good micrographs
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There different types of picking algorithms

1. Manual/Supervised
2. Automatic:
- Reference free

- Template-based
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Some pre-processing operations are commonly used

Fourier “Top-hat” low-pass filter

Original image radius=0.07 radius=0.13
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Fourier-Transforms
are at the core of
EM image processing

S instruct
: Integrating
Biology

il reprasamiation

Trangloam er

Treguancy represanialion

Fouriar | Hiring

: instruct
B:O image
BEIG0e000 Processing
Center




Averaging is required for extracting the signal
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Images need to be aligned before averaging

Average image

Standard deviation
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2D alignment search for three free parameters

Three free parameters:
In-plane angle, x and y shifts
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Most of 2D classification are based on K-means
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Several 2D classification strategies are
implemented in different packages

1. Multivariate Data Analysis
(SPIDER/IMAGIC)

2. KerdenSOM (Xmipp)

3. Maximum Likelihood (Xmipp,
Relion)

4. Clustering (Xmipp-CL2D and
Sparx-ISAC)
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Classification
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results from different algorithms

Level O Level 2

idal, 5PE=S47 | id=2, _size=80F

Level 1

| id=1. size=518 id=2, size=442

1,33

idef, SiE=Zl3 i , SifEe2l3

|
v | &
id=d, sire=al3 | id=%, size=387 . »
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Basic concepts of 3D reconstruction

Fourier space

Fourser
transform

mverse
Fourser
transform

Fourier
ransionem

invwerie
Fowrier
transfarm

Cc for each particle: ind bast match

Flmier
translarm

—
Imvarse

Faiarier
transfarm
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Initial volume problem

1. Random Conical Tilt

2.Angular reconstitution (common

lines)
3. Bootstrapping methods

4. Simulating annealing

B:0
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The EM field needs software integration

Using different EM software
packages is now like the tower of
Babel

Frealign
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Appion is certainly a pioneer work in terms of
software integration (and our main inspiration)

It Is increasing the number of external tools
added to current EM packages (such as Eman2,
Xmipp3 or Relion )

But still is complicated to smoothly combine
different software tools in a consistent manner.
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Scipion Principles

1. Integrate EM software packages to be
used in the same project.

2. Full project traceability, improving
reproducibility.

3. Execute complete workflows in an
automated manner.

4.Easy to install and use.
5. Easy to extend with new protocols.
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Goal 1: Integrate EM software
packages to be used in the same
project.
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All vs All Is hard to maintain and extend

All conversions: N*N

New package: 2*N
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It Is better to have a common format

All conversions: N+N

New package: 2

Frealign

instruct
image
Processing
Center

[ ]
instruct
fenle Integrating

Biology




Data

#*

CSIC

We created a model of the EM domain

Initial
Model

Protocols

3D Reconstruction
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We need conversion functions for each

package

Scipion EM Model
| VISUALIZE VISUALIZE ‘
Classes Wolumes
| vtsmzz SetOfClasses 1} [SethClasaes 2 w { Volume 3D w
1 | read Eman read Spider
{Setﬂﬂmages lJ SetOflmages 2 J [Set(]ﬂmages SJ
| regd Xmipp |
write Xmipp lwr'.Le Erman write Spider write Relion
@ ® | e
i::;. -
Align 2D Classify 2D Refine 3D
recons

EM Packages

o
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Goal 2: Full project traceability,
iImproving reproducibility.
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Results should be reproducible, no 'black-boxes'

e

/

Good work,,
but I think we might
need just a little more
detail right here.
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We implemented a simple storage mechanism

Data
Objects

Protocol

Objects

A4

Mapper Layer
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We track all the steps performed in a project

Project Help

f® SCIPION

Protocols | Data | Hosts

View [Protocals SPA []

- Protocols SPA
< . Imports
[Flimport micrographs
[Flimport particles
[Flimport volumes
[F]import PDB
[Flimport movies
|Flimport averages
[F]import from EMX
[¥] export to EMX
[F]import from Relion
[Flimport from Xmipp
= Micrographs
I» @ Preprocess
1 @ CTF estimation
— Particles
I» @ Set operations
I @ Picking
b @ Extract
> @ Process
~ 2D
I> @ Align
I @ Classify
b @ Analysis
- 3D
I @ Initial volume
> @ Preprocess

I @ Refine
b @ classify
> @ Analysis
I» @ Reconstruct
(=] | =
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#Edit FCopy WDelete $=Steps Be-Browse EDb

PROJECT

scipion - import particles
finished

scipion - filter particles
finished

A

scipion - align apsr
finished

scipion - align pairwise
finished

AN

scipion - custom mask
finished

—

scipion - capca
finished

scipion - classify ward scipion - classify kmeans
finishad finished

scipion - classify diday
finished

N

=Tree L¥Refresh
==

Fd

Summary] Methods] Output Lug]
= Input

inputParticles  (from scipion - filter particles -» outputParticles SetOfParticles (76 items, 100 x 100, 3.50 A/px)

- Output
E"scipinn - align pairwise -> outputAverage
SUMMARY
Radius range: 5-44

3 i b o frd. @

Particle (100 x 100, 3.50 A/px)

clesur]ulv]a[wle}
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All parameters are also stored

Shaki, ela Malne Prooenls, S0

A ﬁ Protocol: splder - filter particles [EEi= |@nsie B e Package Azlerences:

Framk aial BSE 1546
Rum name |exider - fiker paricles £ commen | 4
Runmode < Fegume Ruesari - Het locakest |
Parallel Thiesds 2 Pl 1 ®  usequaue? Yer ¥ Mg L
Expet L o pnmal © Achanoed C ; B
b Amics panilas 7 4, Bd = A4 il BOLE o
et | wrirack al icsmo CpuiPartichs (5579 Cans, 64 « 69, 354 Aps] 2015-05-13 10:35:55

raimidred 2 3-mnitptParticlas [E352 Eafie, 64 x 64, 254 &ps] 3015.05-13 110550
remoesd 2= 3 outpatPatcles PeE Kans, 69 = 64, 354 gl 2015-05-13 110551 | ¥

Inpan Farticles dmics parsdes

Fiker type [Bumerworh g
Filtar roocks Jow-pias o

Uis padding” + Yes [
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Goal 3: Execute complete
workflows in an automated
manner.
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Designed to perform distributed execution

Scipion Client

@ Scipion Server o
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Run workflows automatically and in streaming

Scipion Box

f®& SCIPION

&FEI >

oooooooooooooo

\'%
[ Import Movies ]
i |
[ Movie Alignment ] e
Microscope \\/
[ CTF Estimation ]
|
[ Particle Picking ?7?7? ]
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Goal 5: Easy to extend with new
methods
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Example 1: Integration of Spider-MDA
(in collaboration with Tanvir Shaikh)

ﬁ " Project TestSpiderWorkflow

Project Help

& SCIPION

S Edit (FCopy W Delete BeBrowse

Run
— MDA workflow ProtimportParticles.1

— MDA workflow SpiderProtFilter. 73
Import particles SpiderProtAlignAPSR.152

¥ Filter (optional) SpiderProtCustomMask.240

View (BRI

— @ align SpiderProtCAPCA. 305
SpiderProtClassifyWard.384

[P spider - align APSR
[F spider - align pairwise
[F]xmipp3 - cl2d align
[F] Create mask (optional)
[F] Dimension reduction
[F] Classification
[F]Protocol MDA




Example 2: Integration of Normal Modes analysis
and flexible fitting
(in collaboration with Slavica Jonic)

®

Project Help

f® SCIPION

Wiew [gl=EIRIERS

-l
— HEMMNMA
— 1. Import PDB or Yolume
Import PDB
Import volume
— 2. Compute Normal Modes
[F] NMA
3. Analyze results (select modes)
~ 4. Stop here or continue
Import particles
~— 5. Optional
[F] Resize particles
— 6. Analyze images
[F] Flexibility analysis
7. Analyze results (plot deformations)
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Example 3: Integration of ResMap

(in collaboration with Alp Kucukelbir
and Hemant Tagare)
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SPA workflow and Scipion integrated programs

Mowvies ¢

Movie alignment

Micrag raph5¢

CTF estimation

l:‘_‘rFs.,l Micrographs

Particle Picking

CﬂnrdinaLEE,i.

2D Classification

20 Classes ,lF'a rticles

Initial Volume

vulumel

3D Classification

{1 Ciasses'LFarticles

Integrated EM programs

-

-

- MotionCorr A
- Kmipp - Optical Flow

- Nripp - Coerelatian

= UnblunSwmrmseie

- CTFFIND 304 B
- Kmipp - CTF

- Erman Baxer [ Sparx Gauss (T

- |- smigp - Picking |
- Relion - Autopick

- QEMpickar

- Bppian - DoG picker

1

- ¥migp - CLZDMLID D
- Relian - 20 Cladsification
- Spider MDA

4

- Xmipp - RANSAC/Significant B |

- |- stmiipp - RCT

l 3D Refinement ‘

Refined Vol umel
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- Ernan - Initial velume
- Sirnple
- CryaEM

- Relion - 30 Classification F
- Frealign ML Classification

- Relion - 30 Auta-refine G
- Mmipp - Praj. Matching

- Errian - Refirne Easy

- Frealign
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