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What’s an image?

Image coding

Sampling

Basic operations with an image
Fourier transform
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http://micro.magnet.fsu.edu/primer/java/digitalimaging/processing/bitdepth/index.html
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http://ptolemy.eecs.berkeley.edu/eecs20/week13/aliasing.html
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Desired resolution: R (e.g., 4A)
Nyquist Sampling rate: .

T, < % R (e.g., <2A/pixel)

Typical Sampling rate:

T, < % R (e.g., <1.67A/pixel)
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Image level operations
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Pixel level operations
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http://micro.magnet.fsu.edu/primer/java/digitalimaging/processing/contrast/index.html

Histogram stretching
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Image normalization
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Normalization
Sorzano, C. O. S.; de la Fraga, L. G.; Clackdoyle, R. & Carazo, J. M. O alizatio

Normalizing projection images: A study of image normalizing
procedures for single particle three-dimensional electron microscopy
Ultramicroscopy, 2004, 101, 129-138
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http://micro.magnet.fsu.edu/primer/java/digitalimaging/processing/kernelmaskoperation/index.html
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FIGURE 10,13 Convolution illustrated. The observed image (/eft) 1s the convolution
of the true object (center) with the PSF (right).
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Sharpening
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http://micro.magnet.fsu.edu/primer/java/digitalimaging/processing/convolutionkernels/index.html

Fernandez, J. J.; Luque, D.; Castoén, J. R. & Carrascosa, J. L.
Sharpening high resolution information in single particle electron cryomicroscopy.
J Struct Biol, 2008, 164, 170-175

Sharpening
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Geometric transformations
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Figure 2


http://bigwww.epfl.ch/demo/jrotation/start.php
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Sorzano, C. O. S.; Iriarte-Ruiz, A.; Marabini, R. & Carazo, J. M.
Effects of the downsampling scheme on three-dimensional electron microscopy of single particles
Proc. of IEEE Workshop on Intelligent Signal Processing, 2009
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Original wave Decomposition Approximation

Demo Sine waves
Demo Fourier Transform 1D

Demo Fourier Transform 2D


http://ptolemy.eecs.berkeley.edu/eecs20/week8/images.html
http://www.jhu.edu/~signals/fourier2/index.html
http://www.eserc.stonybrook.edu/ProjectJava/WaveInt/
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http://micro.magnet.fsu.edu/primer/java/digitalimaging/processing/fouriertransform/index.html
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Effects of Noise on Images (Power Spectra)

original image noise image
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Effects of Noise on Images (Power Spectra)

original image blue indicates noise > image
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Effects of Noise on Images (Power Spectra)
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A real space

Nogales, Scheres. Molecular Cell, 58: 677-689 (2015)
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Nogales, Scheres. Molecular Cell, 58: 677-689 (2015)
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Nogales, Scheres. Molecular Cell, 58: 677-689 (2015)
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Nogales, Scheres. Molecular Cell, 58: 677-689 (2015)
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Deep neural network
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Conclusions

The quality of an image depends on its bit depth and

its sampling rate

Being a matrix of numbers, we can perform many

operations with images at the level of:

Full images

Pixels

Groups of pixels
Geometrical transformations
Transformations

Fourier transforms are one of the most important

transformations for EM

Deep learning has revolutionized image processing
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& Ultramicroscopy 40 (1992) 71-87
North-Holland

Towards automatic electron tomography

K. Dierksen, D. Typke *, R. Hegerl, A.J. Koster ! and W. Baumeister
Max-Planck-Institut fiir Biochemie, W-8033 Martinsried, Germany
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» Autoloader
« Thermal stabilization
« Automatic focusing
» Acquisition software
« EPU (FEI)
» SerialEM (Mastronarde, Colorado)
« Leginon (Carragher, NY)
» (Camera support)
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Li, X.; Zheng, S.; Agard, D. A. & Cheng, Y. Asynchronous data acquisition and on-the-fly analysis
of dose fractionated cryoEM images by UCSFImage. J Struct Biol, 2015, 192, 174-178
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Vargas, J.; Franken, E.; Sorzano, C. O. S.; Gomez-Blanco, J.; Schoenmakers, R.; Koster, A. J. & Carazo, J. M. Foil-hole and
data image quality assessment in 3DEM: Towards high-throughput image acquisition in the electron microscope. Journal of
structural biology, 2016, 196, 515-524
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Fig. 9. The dashed black lines represent FSC curves obtained by gold-standard
procedure computed using 13,242 particles randomly picked from the set of 27,347,
The red curve is the respective FSC curve obtained by the 13,242 particles picked
from the selected high quality set of micrographs.

Vargas, J.; Franken, E.; Sorzano, C. O. S.; Gomez-Blanco, J.; Schoenmakers, R.; Koster, A. J. & Carazo, J. M. Foil-hole and
data image quality assessment in 3DEM: Towards high-throughput image acquisition in the electron microscope. Journal of
structural biology, 2016, 196, 515-524
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Brilot, A. F.; Chen, J. Z.; Cheng, A.; Pan, J.; Harrison, S. C.; Potter, C. S.; Carragher, B.; Henderson, R. & Grigorieff, N. Beam-
induced motion of vitrified specimen on holey carbon film. J Struct Biol, 2012, 177, 630-637
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Li, X.; Mooney, P.; Zheng, S.; Booth, C. R.; Braunfeld, M. B.; Gubbens, S.; Agard, D. A. & Cheng, Y. Electron counting and
beam-induced motion correction enable near-atomic-resolution single-particle cryo-EM. Nature Methods, 2013
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* Glaeser, R. M. Specimen behavior in the electron beam. Methods in Enzymology. The Resolution Revolution: Recent
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Single-particle Electron Cryo-microscopy. bioArxiv

» J. Vargas. On the physical causes of the beam-induced specimen movement in cryo-electron microscopy
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Automatic particle picking [edit]

Paper 1982VanHeel Detection

Paper 2001Nicholson_Review

Paper 2001Zhu_Filaments

Paper 20045igworth_Detection

Paper 2004Volkmann_ParticlePicking
Paper 2004Wong_ParticlePicking
Paper 20047hu_Review

Paper 2007 Chen_Signature

Paper 2007Woolford_SwarmPS

Paper 200950rzano_Machinelearning

Paper 2011Arbelaez_Comparison

Detection of particles in micrographs

Review on automatic particle picking

Automatic identification of filaments in micrographs

Classical detection theory and the cryo-EM particle selection problem

An approach to automated particle picking from electron micrographs based on reduced representation templates
Model-based particle picking for cryo-electron microscopy

Review on automatic particle picking

Automatic particle picking program: Signature

Automatic particle picking with several criteria, implemented in EMAN Boxer

Automatic particle picking based on machine leaming of rotational invariants

Evaluation of the performance of software for automated particle-boxing

Paper 2013Abrishami_MachineLearning A pattern matching approach to the automatic selection of particles from low-contrast electron micrographs

Paper 2013Hauer_2013

Paper 20135Shatsky_ParticlePicking
Paper 2013Vargas_ParticleQuality
Paper 2014Langlois_ParticlePicking
Paper 2016Vilas_AutomaticTilt

Automatic tilt pair detection in Random Conical Tilt

Automated particle correspondence and accurate tilt-axis detection in tilted-image pairs
Automatic determination of particle quality

Automatic particle picking

Automatic identification of image pairs in untilted-tilted micrograph pairs
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Objects in multidimensional feature space
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! Training Pair 2
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Preprocessing Layer

Similarity-based spatial
transformation

Multidistance-based
v representation

SVM soft classifier

Feature-based
representation




Automatic Particle Picking

Abrishami, ... Sorzano. Bioinformatics 2013, 29, 2460-2468
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Automatic Particle Picking

Median/Mean | FNR | 11.4/13.3 [28.027.9 | 162162 |21.5220 | 43.4/44.5 | 33.7/34.4 | 20.520.8 | 48.3/479 |7.8/10.9 |[27.128.0 | 30.1/30.7 |17.1/17.2
FPR | 339347 |21.5253 |23.221.7 |18.4/187 | 27.1289 | 30.1/336 | 23.123.8 | 33.9/354 |303/29.8 | 103/15.1 | 15.7720.6 |28.0/263
False Negative Rate (Particles missed): 10-50%
False Positive Rate (False particles): 15-35%
Relative Operating Characteristic (ROC)
e Precision = —H,' }'_'”,
<—perfect prediction
17 P D e Recall = s
¥ T
o F-measure = 2 x Rrecisionxrecall
g AUC = area under the curve precision-frecal
(L]
% 0.5-0.7 = poor model performance
:E 0.7-0.9 = moderate
3 > 0.9 = excellent
o better
> N
l_
worse
oL

False Positive Rate

Zhu, Y.; Carragher, B.; Glaeser, R. M.; Fellmann, D.; Bajaj, C.; Bern, M.; Mouche, F.; de Haas, F.; Hall, R. J.; Kriegman, D.

J.; Ludtke, S. J.; Mallick, S. P.; Penczek, P. A.; Roseman, A. M.; Sigworth, F. J.; Volkmann, N. & Potter, C. S. Automatic

particle selection: results of a comparative study J. Structural Biology, 2004, 145, 3-14



instruct

o Template based matching

Center

Input -nn-n_ FFT + \ Repeat for all micrographs

Templates padding ‘epeat for all templates
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Heimowitz, A., Andén, J. & Singer, A. APPLE Picker: Automatic
Particle Picking, a Low-Effort Cryo-EM Framework. Journal of
Structural Biology, 2018, 204(2), 215-227.
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Precision: 85% (15% are not particles)
Recall: 75% (25% particles lost)

Precision: 92% (8% are not particles)
Recall: 90% (10% particles lost)

Fully automated particle picking _ _ ) )
Abrishami, V.; Zaldivar-Peraza, A.; de la Rosa-Trevin, J. M.;

1.0 for y-secretase 1.0 Vargas, J.; Oton, J.; Marabini, R.; Shkolnisky, Y.; Carazo, J.
I M. & Sorzano, C. O. S. A pattern matching approach to the
Mg automatic selection of particles from low-contrast electron
0.8 ~ el ~0.8  micrographs. Bioinformatics, 2013, 29, 2460-2468
i el
_‘j. F. a'__‘_f_-f"‘f-ih‘,h.
0.6+ H"""-’?:":'._t,m"*h.._l__h_ "
I — Recall {1 type) -
0.4+ === Precision {1 type) -0.4
——Recall (2 types)
---- Precision {2 types)
i ---- Recall 3 (types) _
0.2 —— Precision 3 (lypes) 0.2
——Recall 4 (types)
---=- Precision 4 (types) . . ; :
'L'I.Eln - ‘II - 0.0 Wang, F.; Gong, H.; Liu, G.; Li, M.; Yan, C.; Xia, T.; Li, X. &
. Zeng, J. DeepPicker: A deep learning approach for fully
Number of the top sorted particles / Number automated particle picking in cryo-EM. J. Structural

of the reference particles Biology, 2016, 195, 325-336
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Training

Conveluticnal naural natwork (CNN)

~Coleern —

© 1.Parficle centar? N b kgreund

| Yes

Training datazet

2. Confidance of detacting particle
3. Rabotive x-position of patticls

4. Relative y-position of patticls

5. Box widh

5. Box height

o

« Eagy 2 1raifc onky panides need to ba kabalod
Detacticn layar « Smant: lkams e contaxt of partiies

=
» | Troined
Full datazet Advartage:
* Viery fast: Ficks up ¥ 5 micrographs per e cond
* Oulperioms Ading whdow approach

. Wang, F,, Gong, H., Liu, G., Li, M., Yan, C., Xia, T., ... & Zeng, J. (2016). DeepPicker: A deep learning approach for fully
automated particle picking in cryo-EM. Journal of structural biology, 195(3), 325-336.

. Zhu, Y., Ouyang, Q., & Mao, Y. (2017). A deep convolutional neural network approach to single-particle recognition in cryo-
electron microscopy. BMC bioinformatics, 18(1), 348.

. Wagner, T.; Merino, F.; Stabrin, M.; Moriya, T.; Antoni, C.; Apelbaum, A.; Hagel, P.; Sitsel, O.; Raisch, T.; Prumbaum, D.; Quentin,
D.; Roderer, D.; Tacke, S.; Siebolds, B.; Schubert, E.; Shaikh, T. R.; Lill, P.; Gatsogiannis, C. & Raunser, S. SPHIRE-crYOLO is a
fast and accurate fully automated particle picker for cryo-EM. Communications biology, 2019, 2, 218

. Zhang, J.; Wang, Z.; Chen, Y.; Han, R.; Liu, Z.; Sun, F. Zhang, F. PIXER: an automated particle-selection method based on
segmentation using a deep neural network. BMC bioinformatics, 2019, 20, 41
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p62-PB1 ParM ™V

Huber, S. T.; Kuhm, T. & Sachse, C. Automated tracing of helical assemblies
from electron cryo-micrographs. Journal of structural biology, 2018, 202, 1-12
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e

(a) Untilted

(b) Tilted

Vilas, J. L.; Navas, J.; Gomez-Blanco, J.; de la Rosa-Trevin, J. M.; Melero, R.; Peschiera, I.; Ferlenghi, I.;
Cuenca, J.; Marabini, R.; Carazo, J. M.; Vargas, J. & Sorzano, C. O. S. Fast and automatic identification of
particle tilt pairs based on Delaunay triangulation. Journal of structural biology, 2016, 196, 525-533
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Combining several particle pickings
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Ribosome (EMPIAR 10028) f-galactosidase (EMPIAR 10061)

AND

OR

DC

retained
EMPIAR OR AND Best Picker DC retained DC pruned
dataset ) ) ) ) .

R(A) N R(A) N R(A) N R(A) N R(A) N
10061 3.76 231251 3.32 25600 2.92 117047 2.83 125586 12.74 105665
10028 3.83 119171 3.87 67043 3.70 97561 3.65 88622 33.50 30549

Sanchez-Garcia, R.; Segura, J.; Maluenda, D.; Carazo, J. M. & Sorzano, C. O. S. Deep consensus, a deep
learning-based approach for particle pruning in cryo-electron microscopy. IUCrJ, 2018, 5, 854-865
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& . m_m? >) (&) (X & ’ Xrmpp Partcle Picker - Exract
1798x1888 pixels; 32-bit; 13MB File Filters Window Help
Particles
Color by: [zscore |~ 0.7 [N W30 size. O * 110 ]

Symbol: v Circle [v]Rectangle v Center & 0.25 .. Eraser

Micrograph
' j Name | Particles | State
(1 |BPV_1386 73 |Extract
2 BPV 1388 112 Extract
|3 |BPV_ 1387 113 |Extract
CTF
Automatric particle screeing

100 gheitaiserisans et Ao gimsieessinis i ;

Particles: 298

| Reset ‘

Figures of merit (%)

Vargas, ... Sorzano. J. Structural Biology, 183: 342-353 (2013)

752 i i 1

3 4 5 6 7 8
2-score value
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Sorzano. J. Structural Biology, 183: 342-353 (2013)

Vargas, ...
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Class core
Stable core

Sorzano et al., Proc. IWBBIO 2014, 950
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Independent Variable 2

_ Mahalanobis Distance Value
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Independent Variable 1
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Level O Level 2

File Display Statistics Help

j & 20005 ¢ 15 E] Cols — Rows =
Block |Classes2D |»
| 1 2

id=1, size=947 id=2, size=806 id=1, size=284 id=2, size=258

Level 1

id=3, _size=251

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

id=6, size=213 id=8, size=213

1d=9, size=2

id=4, size=413 id=3, _size=382

id=7, size=165 id=5, _size=161

» CL2D to split classes

* Relion to detect bad classes « Core and Stable core to

remove bad particles

C.0.S. Sorzano, J.R. Bilbao-Castro, Y. Shkolnisky, M. Alcorlo, R. Melero, G. Caffarena-Fernandez, M. Li, G. Xu, R. Marabini,
J.M. Carazo. A clustering approach to multireference alignment of single-particle projections in electron microscopy. J.
Structural Biology 171: 197-206 (2010)
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mnck|c|.mmu |v|
enabled | id | _Biza | _representativa._filaname JIWESSDiStIIhuiiUh_ _iinAccuracyRotations JIHRCEUIH:.’TIHHGIHIIQI'IS_
E 3 4R04 05630 3 4250 0.58ED
_slze=4894, id=3
2 [ 1 0.3306 3.5700 0.6250
_slze-2844, =1
3 2 01063 4 4500 11030
_size=913, i0=2

N -] o | o

Scheres, S. H. W. Methods in Enzymology. The Resolution Revolution:
Recent Advances In cryoEM Processing of structurally heterogeneous cryo-
EM data in RELION Academic Press, 2016, 125-157
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Correlation
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percentile by defocus
Cost

Shift

Gray scale correction
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FOR EACH PARTICLE

I I

Clusterability of Clusterability of v Clusterability of random
reference images experimental images orientations

G, good = 1 ‘ I
!

g =1

J. Vargas, J. Oton, R. Marabini, J.M. Carazo, C.O.S. Sorzano. Particle alignment reliability in single
particle electron cryomicroscopy: a general approach. Scientific Reports 6: 21626 (2016)
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Optimization

Soft alignment validation

J. Vargas, R. Melero, J. Gbmez-Blanco, J.M. Carazo, C.0O.S. Sorzano. Quantitative analysis of 3D alignment
guality: its impact on soft-validation, particle pruning and homogeneity analysis. Scientific Reports, 7: 6307 (2017)
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Angular Accuracy

EMDB 2484
EMPIAR 10008

EMDB 5447
EMPIAR 10004

Soft alignment validation map
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It can be used to:
« Pruning
. Angular assignment

« Check angular assignment
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_Xmipp_angleDiff
30 i
|
F- = -
|
E 20 |II . . .
2 .- 11% of differently assigned images!!!
I
g [
EI |
of - 1,500 most dissimilar Relion 1,500 most dissimilar highres
II ] X 143@output_volume.vol (150%) (on rinchen-dos)
E ,"I dvanced  Help File Image Advanced Help
S/ p-bit; 625K 400x400 pixels; 32-bit; 625K
o 2000 4000 6000 mlnn_ 1;;0;_ - 12000 14000
x=4713.1 y=16.1363

2CO+ G
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an open problem

EMBL-EBI

Protein Data Bank .
in Europe EMDB statistics

Bringing Structure to Biology

EM Resources Select another chart: Single-particle released maps - resolution versus number of projections

H - - - ..
Z S?arg:tics Single-particle released maps - resolution versus number of projections (2]
o Validation

o EMDataBank
o EMPIAR

o Test data

EMDB

Resolution versus # of projections

o Latest maps 40

o Latest headers
o Latest updates

o Search
30
o Browse
o FTP archive
o Deposit EM map/model
o EMDB data model £ 20
w I
5 ] | | o .

= 1000 1000 -10000 10000 - 100000 > 100000

Resolution [A]

Number of projections

I Highest resolution M Average resolution
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Initial volume problem in EM

C.0.S. Sorzano
Biocomputing Unit, CNB-CSIC
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Towards high-throughput and high-resolution

roscopy
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Towards high-throughput and high-resolution

[ Micrographs/imported/run_001/BPV_1386.mrc (12.5%) BRI

9216x9441 pixels; 8-bit; 83MB

C.O.S. Sorzano, J. M. de la Rosa Trevin, J. Otén, J. J. Vega, J. Cuenca, A. Zaldivar-Peraza, J. Gbmez-Blanco, J. Vargas, A.
Quintana, R. Marabini, J. M. Carazo. Semiautomatic, high-throughput, high-resolution protocol for three-dimensional
reconstruction of Single Particles in Electron Microscopy. Nanoimaging: Methods and Protocols. Methods in Molecular Biology,
950: 171-193. Eds. Alioscka Sousa, Michael Kruhlak. Humana Press. (2012)
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file:///F:/public_html/Articulos/Sorzano2013.pdf

But ... there are a few bottlenecks

e Initial volume

* High-resolution modeling

Ewald\Sphere SOLZ
® , FOLZ ; instruct
instruct 1) 7012 B:O ] image
"ﬂ@’;_ir@ Integrating o o o e o o & RN Processing

csIC Biology Center




3D Refinement is a greedy algorithm

A Initial Model C

Find best match
& align

Pr; average;

e “

B
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2 R ’
Chandramouli, P.; Hernandez-Lopez, R.; Wang, H.-W. &
Leschziner, A. E. Validation of the orthogonal tilt reconstruction
method with a biological test sample. J Struct Biol, 2011, 175,
85-96
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3D Refinement is a greedy algorithm
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Goal function landscape

min > - Pé,ivH2

100k projections (200x200)
= 200° +5.10° =8.5-10° D!
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Goal function landscape
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Resenbreck
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Model bias

| 10 imgs
Model bias=local minimum!!

Shatsky, M.; Hall, R. J.; Brenner, S. E. & Glaeser, R. M. A method for the alignment of
heterogeneous macromolecules from electron microscopy. J Struct Biol, 2009, 166, 67-78
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Initial volume problem
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Option 1: Filtered volume

3

CSIC
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Option 2: Geometrical description

#Xdim Ydim Zdim Background_density
128 128 128 0

# Feature Parameters:

# 6 main ellipses

ell =130.0000001515300300

ell =1 15.00 25.9808 0 15 15 30 60 30 0
ell =1-15.00 25.9808 0 15 15 30120300
ell =1-30000.0001515300-300

ell =1 -15.00 -25.9808 0 15 15 30 -120 30 0
ell =1 15.00 -25.9808 0 15 15 30 -60 30 0
# 6 inner ring features

sph = 1 14.00 0.00 0 10

sph =1 7.00 12.1235 0 10

sph =1 7.00-12.1235 0 10

sph = 1-7.00 12.1235 0 10

sph = 1 -7.00 -12.1235 0 10

sph = 1-14.00 0.00 0 10

# 6 outer features providing chirality

ell =140.00-6.00-82086-1500

ell =1148037.64-820864500
ell=1-148037.64-820867500
ell=1-40.00600-82086-1500

ell =1-14.80-37.64-820864500
ell=11480-37.64-82086-7500

Fie Edbon Prelerences Help
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Bilbao-Castro, J. R.; Sorzano, C. O. S.; Garcia, |I. & Fernandez, J. J.
Phan3D: design of biological phantoms in 3D electron microscopy

Bioinformatics, 2004, 20, 3286-3288
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Option 3: Noisy blob or blob
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Option 4: Random Conical Tilt
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Option 4: Random Conical Tilt
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Real space Reciprocal space

Schenk, A. D.; Castafo-Diez, D.; Gipson, B.; Arheit,

. instr
M.; Zeng, X. & Stahlberg, H. 3D reconstruction from 2D ::fag:a
crystal image and diffraction data. Methods Enzymol, Processing
2010, 482, 101-129 Center



Option 4: Random Conical Tilt

In practice: Not always work

Important simplifications in the derivation
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C.0.S. Sorzano, M. Alcorlo, J.M. de la Rosa-Trevin, R. Melero,
I. Foche, A. Zaldivar-Peraza, L. del Cano, J. Vargas, V.

Abrishami, J. Otén, R. Marabini, J.M. Carazo. Cryo-EM and the
elucidation of new macromolecular structures: Random Conical B‘o
Tilt revisited. Nature Scientific Reports, 5: 14290 (2015) 8C000a000
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http://biocomp.cnb.csic.es/~coss/Articulos/Sorzano2015g.pdf

Option 5: Computational means
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Option 5: Computational means
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100k projections (200x200
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Option 5: Computational means

Work with (a few)

classes

100k projections (200x200
— 200°+5.10° =8.5. !
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Option 5: Computational means

1) Increase SNR
2) Common lines
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Option 5: Computational means

Don’t be greedy

ol e
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Option 5: Central Slice Theorem

3D Object 3D FT of Object

3D Inverse FT
- |
TEM
/ . / 2DFT / /
2D Projection 2D FT of Projection

instruct
image
Processing
Center

AR :
:’ instruct B:O
ae Integrating L
CSIC Biology




Option 5: Common lines

52

CSIC

(cos ay;, sin a;;) Rici; = qij

3D Fourier space
(cos aj;, sin ;)

" Ricij = RjCji = Qij
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram

A
v

Sinogram
® ) s o instruct
mstruct‘ B:O image
Integrating SEE0GenON Processing
BlD|Gg}f Center




Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Sinogram
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Option 5: Common lines and sinograms

Serysheva, I. |.; Orlova, E. V.; Chiu, W.; Sherman, M. B.; Hamilton, S. L. & van Heel, M. Electron cryomicroscopy and
angular reconstitution used to visualize the skeletal muscle calcium release channel. Nat Struct Biol, 1995, 2, 18-24
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Option 5: Common lines
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Shifts=0

3
Common line 1-2 along Z —=3D = — 3 constraints
Common line 2-3 in XY plane 2

van Heel, M. Angular reconstitution: A posteriori rm assignment of projection directions for 3D
rrrrrr truction. Ultramicroscopy, 1987, 21, 111-124




Option 5: Common lines

N 2
min E CL, (1.)-CL, (1)
i j J
0 <
1j=1
. 3N 2 .
shiftss0 = 3N D = 5 =9N“—3N comparisons
a <
/>\.\\ ™~
/ //
L\\\ /
K
/ Y
L1/
\b Penczek, P. A.; Zhu, J. & Frank, J. A common-lines based
P \ method for determining orientations for N>3 particle projections
/ simultaneously Ultramicroscopy, 1996, 63, 205-218
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Option 5: Common lines

(cos @, Sin ;) Ricij = qi;

Projection P, h 151 3D Fourier space Sl

(cos ajj, sin a;;) o

'. Ricij = Rjcji = g;;
0.5

e

Projection P; I o - 3D Fourier space

Coifman, R. R.; Shkolnisky, Y.; Sigworth, F. J. & Singer, A. Reference Free Structure Determination through Eigenvectors of
Center of Mass Operators. Appl Comput Harmon Anal, 2010, 28, 296-312

Singer, A. & Shkolnisky, Y. Three-Dimensional Structure Determination from Common Lines in Cryo-EM by Eigenvectors
and Semidefinite Programming.SIAM J Imaging Sci, 2011, 4, 543-572

Singer, A.; Zhao, Z.; Shkolnisky, Y. & Hadani, R. Viewing Angle Classification of Cryo-Electron Microscopy Images Using
Eigenvectors. SIAM J Imaging Sci, 2011, 4, 723-759

Greenberg, I. & Shkolnisky, Y. Common lines modeling for reference free Ab-initio reconstruction in cryo-EM. Journal of
structural biology, 2017, 200, 106-117
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Option 5: Common lines

Eigenvectors of an adjacency matrix

0.6

6N
Shifts e[ "

-0.5

In practice?

1. Coifman, R. R.; Shkolnisky, Y.; Sigworth, F. J. & Singer, A. Reference Free Structure Determination through Eigenvectors of
Center of Mass Operators. Appl Comput Harmon Anal, 2010, 28, 296-312

2. Singer, A. & Shkolnisky, Y. Three-Dimensional Structure Determination from Common Lines in Cryo-EM by Eigenvectors
and Semidefinite Programming.SIAM J Imaging Sci, 2011, 4, 543-572

3. Singer, A.; Zhao, Z.; Shkolnisky, Y. & Hadani, R. Viewing Angle Classification of Cryo-Electron Microscopy Images Using
Eigenvectors. SIAM J Imaging Sci, 2011, 4, 723-759
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Option 5: Manifold analysis
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Giannakis, D.; Schwander, P. & Ourmazd, A. The symmetries of image formation by
scattering. |. Theoretical framework. Opt Express, 2012, 20, 12799-12826
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Option 5: Stochastic optimization

VA Y
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CSIC

Simulated annealing

Stochastic hill climbing

Simultaneous Perturbation Stochastic Approximation (SPSA)
Swarm algorithms

Genetic algorithms Not to be greedy
Differential Evolution
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Option 5: Stochastic optimization
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Option 5: Stochastic optimization

N 2
min > ICL, (I;)-CL, (1)
ij=1

Shifts=0 —> Simulated annealing: 3N D
+ Differential evolution: 5N D

1. Elmlund, H.; Lundgvist, J.; Al-Karadaghi, S.; Hansson, M.; Hebert, H. & Lindahl, M. A new cryo-EM single-particle ab initio
reconstruction method visualizes secondary structure elements in an ATP-fueled AAA+ motor. J Mol Biol, 2008, 375, 934-947

2. Elmlund, D.; Davis, R. & ElImlund, H. Ab initio structure determination from electron microscopic images of single molecules
coexisting in different functional states. Structure, 2010, 18, 777-786

3. Elmlund, D. & EImlund, H. SIMPLE: Software for ab initio reconstruction of heterogeneous single-particles. J Struct Biol, 2012,
180, 420-42

4. Reboul, C. F.; Eager, M.; EImlund, D. & Elmlund, H. Single-particle cryo-EM-Improved ab initio 3D reconstruction with
SIMPLE/PRIME. Protein science, 2018, 27, 51-61
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Option 5: Stochastic optimization

‘gé‘;. <Assign random orientations [.i
Compute model

Random model Original

. particle
Project @ images

ﬁ Compare images and projectionsl
> “ to determine origins and orientations

Relationship of success rate to the number of particle images.”

Mumber of particle images

Success rate (¥)

Iteration at convergence®

500
1000
3000
10,000
76,000

20
20
40
40
90

80 (+23)
58 (+15)
57 (¥23)

Project
change @ [40-100 iterations|
angular
step-size? e
e < Select best particles
Compute new model
Intermediate model @
e
#
R
Starting model
Compare modelsl@ Repeat 10
or more times

®
instruct
Integrating
Biology

— 100k -3 =300kD

Execution time

Sanz-Garcia, E.; Stewart, A. B. & Belnap, D. M. The random-
model method enables ab initio 3D reconstruction of
asymmetric particles and determination of particle symmetry.

J Struct Biol, 2010, 171, 216-222
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Option 5: Stochastic Gradient Descent

a ; Precise, expensive steps computed b
toratve reflnomont using all single-particle images
Arbitrary Optimization objective function: full likelihood using all images
Accurate - 5 x
Fandoes; initialization S FEa o] T
initialization y:

Optimization PV
objective
function

3 pv| b -
L 5
Incorrect 1| refined SGD iteration 2: different random subset of images
structure 1_” structure T b
p(v| o p—

Probability of 3D map given images

Space of all 3D structures

[od Stochastic gradient descent (SGD) enables ab initio cryo-EM structure determination
;,\::‘Ig:r;y Intermediate Correct l g
initialization structure structure

\
Approximate
‘\Q gradients computed

at each iteration

4

Optimization
objective
function

Probability of 3D map given images

Noisy, inexpensive steps computed

using randomly selected subsets of

/ ; single-particle images (b)

Space of all 3D structures

Punjani, A.; Brubaker, M. A. & Fleet, D. J. Building Proteins in a Day: Efficient 3D Molecular Structure Estimation with
Electron Cryomicroscopy. IEEE transactions on pattern analysis and machine intelligence, 2017, 39, 706-718

Punjani, A.; Rubinstein, J. L.; Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for rapid unsupervised cryo-EM
structure determination. Nature methods, 2017
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Option 5: Deterministic Annealing+
Bayesian prior

p(LIR.6)=N(1IP(6.R),o*)

p(#)ocexp| —2 3 (@;—a;)” | Low local variance
(i YeNeighbours (# )

* Generate random initial model, &, Cutput Inferred model
* Set initial noise estimate to large value
* Set tarpet valye of noise to intermediate value
/" N
f'" ™ Yes
Star_tj-nﬂ al 'BI.,- f_].nd local H:ua.l. Set®, =B, Has noise parameter annealed 1o Yes
which MAxImZes posterior > rarget value? ¥ oy best model
probability converged ?
1 No
Iteration |e Anneal noise parameter towards targe!
value
L 3 No
(_‘yc.l'f + Estimate noise (new target) parameter from data and model
+ Reset noise parameter to large initial value
e /

Jaitly, N.; Brubaker, M. A. & Rubinstein J. L. snf Lilien, R. H. A Bayesian method for 3-D macromolecular
structure inference using class average images from single particle electron microscopy Bioinformatics, 2010
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Option 5: RANSAC
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J. Vargas, A.L. Alvarez-Cabrera, R. Marabini, J.M. Carazo, .
C.0.S. Sorzano. Efficient initial volume determination from Random SUbSGt. 3X9 D

electron microscopy images of single particles. Bioinformatics, + Local refinement: 5N D (greedy)
30: 2891-2898 (2014)
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http://biocomp.cnb.csic.es/~coss/Articulos/Vargas2014b.pdf

Option 6: Reconstruct Significant

C.0.S. Sorzano, J. Vargas, J.M.
de la Rosa-Trevin, J. Oton, A.L.
Alvarez-Cabrera, V. Abrishami,
E. Sesmero, R. Marabini, J.M.
Carazo. A Statistical approach
Insges to the initial volume problem in
Single Particle Analysis by
Electron Microscopy. J.

*) ® Structural Biology, 189: 213-219
‘ (2015)
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Option 7: EMAN
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Option 8: Pseudoatoms

CSIC

Joubert, P. & Habeck, M. Bayesian Inference of Initial Models in Cryo-
Electron Microscopy Using Pseudo-atoms. Biophys J, 2015, 108, 1165-1175
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Swarm consensus
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https://www.youtube.com/watch?v=_vhSu4xBoFs

reality is heterogeneous

Furthermore ...
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Current situation (2013)
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Current situation (2016)

... ItIs no longer a major
bottleneck ...except for very
heterogeneous samples
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Random Conical Tilt

Carlos Oscar S. Sorzano
Instruct Image Processing Center
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Random Conical Tilt

J.L. Vilas, J. Navas, J. Gomez-
Blanco, J.M. de la Rosa-Trevin, R. S R
Melero, I. Peschiera, I. Ferlenghi, J. G R R
Cuenca, J.M. Carazo, J.Vargas, i o
C.0.S. Sorzano. Fast and

automatic identification of particle

uzﬁr‘" s Based on Delaunay
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0dB)grating (b)
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(b) Tilted N

0 2l0 40 6‘{) BIU 160
% Picked particles
J.L. Vilas, J. Navas, J. Gomez-Blanco, J.M. de la Rosa-Trevin, R. Melero, |. Peschiera, I. Ferlenghi, J. Cuenca, J.M. Carazo,

J.Vargas, C.0.S. Sorzano. Fast and automatic identification of particle tilt pairs based on Delaunay triangulation. J. Structural
Biology 196: 525-533 (2016)



instruct

e Random Conical Tilt

Center

Random Conical Tilt (RCT)
A B c . D E

ol DV/ D‘/A\,-v

“Cl_ASS”

Orthogonal Tilt Reconstruction (OTR)
A’

“Cl-ASS »

Chandramouli P, Hernandez-Lopez R, Wang HW, Leschziner AE (2011). Validation of the ortogonal tilt reconstruction method
with a biological test sample. J Struct Biol. 175:85-96

Leschziner A E (2010). The ortogonal tilt reconstruction method. Methods in Enzymology. 2010 482:237-262

Leschziner AE and Nogales E (2006). The Orthogonal Tilt Reconstruction method: an approach to generating single-class
volumes with no missing cone for ab initio reconstruction of asymmetric particles. J Struct Biol. 153(3):284-99.
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C.0.S. Sorzano, M. Alcorlo, J.M. de la Rosa-Trevin, R. Melero, |. Foche, A. Zaldivar-Peraza, L. del Cano, J. Vargas, V.
Abrishami, J. Otén, R. Marabini, J.M. Carazo. Cryo-EM and the elucidation of new macromolecular structures: Random
Conical Tilt revisited. Nature Scientific Reports, 5: 14290 (2015)
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Radermacher, M.; Wagenknecht, T.; Verschoor, A. & Frank, J. Three-Dimensional reconstruction from a single-exposure,
random conical tilt series applied to the 50S ribosomal subunit of Escherichia coli J. Microscopy, 1987, 146, 113-136
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relative to the projecting direction. They
can be created from the orthogonal projec-
tions by stretching the latter in the direc-
tion perpendicular to the tilt axis by
1/cos(®d), with ¥ being the tilt angle. The
relative shift between two projections is
then determined by the location of the cen-
ter of mass of the cross-correlation function.
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C.0.S. Sorzano, M. Alcorlo, J.M. de la Rosa-Trevin, R. Melero, |. Foche, A. Zaldivar-Peraza, L. del Cano, J. Vargas, V.
Abrishami, J. Oton, R. Marabini, J.M. Carazo. Cryo-EM and the elucidation of new macromolecular structures: Random
Conical Tilt revisited. Nature Scientific Reports, 5: 14290 (2015)

I,(8) = V'(HTs)
L(8) = [ VY(E'HTI['8)d> =V'(Hf (HoEHL) '1,'s) (12)
= L((HoEHg) "I 's)

In the particular case that a, = oy = 0 (i.e., the tilt is performed around
the Y axis in both images), then the previous equation becomes

I(s)=V'(Hgs)

I,(8) = V/(HT ST, 's) = I,(ST, 's) (13)
where .
cos(6) 0 0
S = 0 1 0 (14)
0 0 1
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* Extend the theory for arbitrary tilt axis
orientation.

e Align tilted images with respect to classes (not
untilted images).

* Explicitly consider mirrors.
* Explictly consider picking errors.

C.0.S. Sorzano, M. Alcorlo, J.M. de la Rosa-Trevin, R. Melero, I. Foche, A. Zaldivar-Peraza, L. del Cano, J. Vargas, V.
Abrishami, J. Oton, R. Marabini, J.M. Carazo. Cryo-EM and the elucidation of new macromolecular structures: Random
Conical Tilt revisited. Nature Scientific Reports, 5: 14290 (2015)



Modifications to RCT
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Random Conical Tilt
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RCT with only 13 tilt pairs (“ground truth”)

Figure 1: Control map: Central slices of the control map of C3b computed from
32,595 images and a 3D classification procedure (see main text for details).
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RCT with only 13 tilt pairs (“old RCT”)

Figure 2: Standard RCT workflow for small-sized 2D classes (20 image pairs):
Central slices of the structure of C3b using standard RCT, as implemented in
Spider. Compare them to Suppl. Fig. 1.
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RCT with only 13 tilt pairs (“revised RCT”)

eyt §
CSIC

Figure 3: Modified RCT workflow for small-sized 2D classes (13 image pairs):
Central slices of the structure of C3b using modified RCT, as implemented in
Xmipp. Compare them to Suppl. Fig. 1.
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RCT with 13 tilt pairs

Schematic cartoon
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Reconstruction Methods

Carlos Oscar S. Sorzano
Instruct Image Processing Center
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Weighted Back Projection

filtered
view 3

filtered view 1

a. Using 3 views b. Using many views

FIGUEE 25-17

Filtered backprojection. Filtered backprojection reconstructs an image by filtenng each view before
backprojection. This remowes the blurnng seen in sjm]%le backprojection, and resulis in a
mathematically exact reconstruction of the image. Filtered backprojection is the most commonly

nszed algorithm for computed tomography systems.
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Filtered back projection

4 projectiop's" 8 projections

64 projections

16 projections fHRrolaction (not filtered)

EANM 2003
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Projection -> Backprojection: k-space

1/k

o
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frequency domain

one projection -

multiple projections (Fourier Transform of 1/r <-> 1/k)
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methods Electron Tomography, Plenum, 1992, 91-115
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* Penczek, P.; Renka, R. & Schomberg, H. Gridding-based direct Fourier inversion of the three-dimensional ray transform J.
Optical Society America A, 2004, 21, 499-509

» Scheres, S. H. W. RELION: implementation of a Bayesian approach to cryo-EM structure determination. J. Structural
Biology, 2012, 180, 519-530

» Abrishami, V.; Bilbao-Castro, J. R.; Vargas, J.; Marabini, R.; Carazo, J. M. & Sorzano, C. O. S. A fast iterative convolution
weighting approach for gridding-based direct Fourier three-dimensional reconstruction with correction for the contrast
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A little bit of algebra

Standard inner product: <U, V> —u'v= ||U||2 = <U, U>

Noisy measurements: f = AX+n

Least squares reconstruction: X = argmin ”f - AX||2
=argmin(f — Ax)' (f — Ax)
=argminf'f +x' A" Ax—2x' A'f

2
First order condition: 0 ”f B AX” —0=2A"TAx=2A"f
OX
Normal equations: — A"Ax = A'f
For complex measurements: A" Ax = A"f
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A little bit of algebra

Standard inner product; (u, V>W = <U,WV> = (Wu, V> = ||U||5V = <U, U>W

For any positive definite matrix W
In particular, our W is diagonal

Weighted Least squares X =<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>