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ABSTRACT: Cryo-electron microscopy (CryoEM) has become a vital technique in B
structural biology. It is an interdisciplinary field that takes advantage of advances in | &= X /(=)
biochemistry, physics, and image processing, among other disciplines. Innovations in these

three basic pillars have contributed to the boosting of CryoEM in the past decade. This TR
work reviews the main contributions in image processing to the current reconstruction -
workflow of single particle analysis (SPA) by CryoEM. Our review emphasizes the time | . 2R\
evolution of the algorithms across the different steps of the workflow differentiating between :_)E’E } *

. : . “wad F
two groups of approaches: analytical methods and deep learning algorithms. We present an ft—g

analysis of the current state of the art. Finally, we discuss the emerging problems and
challenges still to be addressed in the evolution of CryoEM image processing methods in

SPA.
. instruct
5 instruct image
2aB s Integrating Processing
CsIC Biology Center




For more information

Journal of Structural Biology 214 (2022) 107861

& 4

ELSEVIER

Contents lists available at ScienceDirect | SH"_" ' =
Journal of Structural Biology

journal homepage: www.elsevier.com/locate/yjsbi

Cryo-Electron Microscopy: The field of 1,000 methods

C.0.S. Sorzano , J.M. Carazo

Natl. Center of Biotechnology, CSIC, ¢/Darwin, 3, Campus Univ. Autonoma de Madrid, 28049 Madrid, Spain

ARTICLE INFO

Keywords:

cryoEM

Method development
Image processing

ABSTRACT

Cryo-Electron Microscopy (CryoEM) is currently a well-established method to elucidate a biological macro-
molecule’s three-dimensional (3D) structure. Its success is due to technological and methodological advances in
several fronts: sample preparation, electron optics and detection, image acquisition, image processing, and map
interpretation. The first methods started in the late 1960s and, since then, new methods on all fronts have
continuously been published, maturating the field as we know it now.

In terms of publications, we can distinguish several periods, witnessing a substantial acceleration of meth-
odological publications in recent years, pointing out to an increased interest in the domain. On the other hand,
this accelerated increase of methods development may confuse practitioners about which method they should be
using (and how) and highlight the importance of paying attention to establishing best practices for methods
reporting and usage.

In this paper, we analyze the trends identified in over 1,000 methodological papers. Our focus is primarily on
computational image processing methods. However, our list also covers some aspects of sample preparation and
image acquisition.

Several interesting ideas stem out from this study: (1) Single Particle Analysis (SPA) has largely accelerated in
the last decade and sample preparation methods in the last five years; (2) Electron Tomography is not yet in a
rapidly growing phase, but it is foreseeable that it will soon be; (3) the work horses of SPA are 3D classification,
3D reconstruction, and 3D alignment, and there have been many papers on these topics, which are not
considered to be solved yet, but ever improving; and (4) since the resolution revolution, atomic modelling has
also caught on as a hot topic.
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On bias, variance, overfitting, gold standard and
consensus in single-particle analysis by
cryo-electron microscopy
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Cryo-electron microscopy (cryoEM) has become a well established technique to
elucidate the 3D structures of biological macromolecules. Projection images
from thousands of macromolecules that are assumed to be structurally identical
are combined into a single 3D map representing the Coulomb potential of the
macromolecule under study. This article discusses possible caveats along the
image-processing path and how to avoid them to obtain a reliable 3D structure.
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The number of maps deposited in public databases (Electron Microscopy Data Bank,
EMDB) determined by cryo-electron microscopy has quickly grown in recent years.
With this rapid growth, it is critical to guarantee their quality. So far, map validation has
primarily focused on the agreement between maps and models. From the image
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Machine learning
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(Y,IY) = Fy, (Yo )fy (YO)
arg;:laxfy . = arg max ffY|Y (YlYO)f (YO)dY

Y are the observations
Y, is the model

Gaussian noise
Statistical prior on parameters

argmlnz HY fG(X)H + AD(0)
j=1

 Therole of Xand Y are played by different elements.
» Deep learning is simply a “sophisticated” f.
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Machine learning

 Movie alighment:
— Y: micrograph X Y

— X: frames

— 0: alignment parameters

 CTF determination:
— Y: Power Spectrum Density
— X: White noise
— 0: microscope parameters
* Particle picking:
— Y:acoordinate in a micrograph is the center of a particle (T or F)
— X: micrograph
— 0: picking model
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Classical Image Processing or Deep Learning

Iy; = _'_0:0 V(A'H's,)dt
0O
=] ;ij(}f_lﬁTEi—i‘j) dt

_ ij (JOO b (Z_lﬁTgi _f])dt) —_ ija;‘-’,-ja
] -00 J

C.0O.S. Sorzano, J. Vargas, J. Oton, J.L. Vilas, M.
Kazemi, R. Melero, L. del Cano, J. Cuenca, P.
Conesa, J. Gomez-Blanco, R. Marabini, J.M.
Carazo. A survey of the use of iterative
reconstruction algorithms in Electron Microscopy.
BioMed Research Intl. 6482567 (2017)
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Neural Representation
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Levy, A., Poitevin, F.,, Martel, J., Nashed, Y., Peck, A., Miolane, N., ...
& Wetzstein, G. (2022). Cryoai: Amortized inference of poses for ab
initio reconstruction of 3d molecular volumes from real cryo-em
images. arXiv preprint arXiv:2203.08138.
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We have a problem to solve

No matter if it is a white cat or a black cat;
as long as it can catch mice, it is a good cat
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Bias and variance

Vieconstructed = Videar + AV

Random Error vs. Systematic Error

Random Error

/N

_—
—— —

true value

h—

Systematic Error

E(AV) Bias: systematic errors

Cov(AV) Variance: random errors with zero mean

-

VT'BC onstructed — P ""J‘rcor'rect + (1 —pP ) ‘m correct
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Reconstruction is all about parameter

estimation

Degree 1 Degree 4 Degree 15
MSE = 4.08e-01(+/- 4.25e-01) MSE = 4.32e-02(+/- 7.08e-02) MSE = 1.83e+08(+/- 5.48e+08) Low
: :Ir‘:le:unct\cn : 'II\:‘I:.I(:::UHCIIOH : ?r‘:ldee:unctmn B Variance
e Samples e Samples e Samples Underflttlng
High
Bias
Truth
X
x
Low b
Bias
il LW
Overfitting
. 2 .
Bias Variance
r
‘ \/
- -_ K Ly
BIC = 2log P{y|0} — klog N N

6,666 measurements/parameter
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Accurate defocus
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Accurate defocus
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CTF standard CTF agrees up to 2.1A

GCTF+CTFFind+Consensus 2.1A
Xmipp CTF for the envelope
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Picking (1.2 M)
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Picking (Multiple pickers + Deep Consensus +

Mic. Cleaner 569k)
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2D Analysis, Round 1 g
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Avoid aperture?
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3D Analysis
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1,633,111 parti

3D Classification

cles (100%)

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Class 8
605 with 80S with 805 with 805 with 80S with 80S with 80S with 80S with
noisy 408 P, E tRNAs , P, E tRNAs P, E tRNAs hybrid tRNAs P tRNA P, E tRNAs , E tRNA

| Xrni Xrn1 |

P, E tRNAs 4

X1
|

- 3D refined volume
overall resolution 3.1 A

Focused classification

Focused refinement
resolution 3.6 A

13.3%

5.2% 6.4%
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3D Analysis

Classification 1 Classication 2 Classification 3
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Angular assignment
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Attraction problem
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* 3D Reconstruction is all about parameter estimation.
 How do you assure that you got them right?

— Consistency of alternatives estimates

e “Putting everything in and the algorithm will know” is
suboptimal

Full talk at https://www.youtube.com/watch?v=B30hA2DzpPg
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Current situation

EMDB 22301
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Server

https://biocomp.cnb.csic.es/EMValidationService/

] VRS
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UUID  Job ID

iv] (cryo-EM) Validation Report Service

The number of maps solved by Cryo-Electron Microscopy is quickly growing in recent years. With
this rapid growth, it is key to guarantee their quality.

VRS provides a map validation grading system that allows to asses consistency with the different
provided elements: 2D classes, particles, angles, coordinates, defoci, and micrographs, amang
others. The level of validation of the map will be defined as the highest consecutive number up to
which there is information available: 0 = 5 [AW,0]

Don't worry, we will guide you through the different steps. You can provide as much or less data as
you have available, or wish.

(4 Submit a job H Q Check job results

C.0.S. Sorzano, ... Image
processing tools for the validation
of CryoEM maps. Faraday
Discussions (in press)
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Validation scheme

1.0 Level 0: Map

1.1 Level 1: ...
1.2 Level 2: ...

1.3 Level 3: ...
1.4 Level 4: ...
1.5 Level 5: ...

1.6 Level A:

+Half maps
+2D classes

+Particles

+Angular assignment
+Micrographs and Coordinates
+Atomic model

1.7 Qualifier W: ... +Workflow
1.8 Qualifier O: ... +Other techniques

CSIC

instruct C.0.S. Sorzano, ... Image processing tools for the validation of
Integrating  CryoEM maps. Faraday Discussions (in press)

Biology

Validation report of Level(s)
0,1,2,3,4,5,A, W, O
I?’PC Validation server

February 25, 2022
4:07pm
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Level O: Map

0.a

Center analysis. Centering of the mass and extra space avail-
able to correct for the Contrast Transfer Function (CTF).

There should be at least 30-40 A on each side for a proper 0.a Mass &Ilal}"SiS Sec. 2.1 OK
correction. 0.b Mask analysis Sec. 2.2 OK
0.b Mask analysis. At the threshold value specified by the user, O.c Background an&]ysis Sec. 2.3 2 warnings
most of the mass should be collected in a single connected e y r
SR 0.d B-factor analysis Sec. 2.4 .OK
0.e DeepRes Sec. 2.5 1 warnings
0.c Background analysis. If we analyze the gray values outside -
the mask, they should not have too negative values (e.g., 0.f LocBfactor Sec. 2.6 OK
values below five times the standard deviation of the back- O.g LOCOCCUP&DCY Sec. 2.7 OK
R A 0.h DeepHand Sec. 2.8 OK
0.d Bfactor analysis. The B-factor line!® fitted between 15 A,
and the resolution reported should have a slope that is be-
tween 0 and 300 A2
0.e DeepRes'!: This method is based on a deep learning al- Section 2.3 (0.c Background analysis)
80'“"”‘_“‘;‘ asse““ﬂ;he Sim“a?ty of theb‘ex‘“:'ie. features 1. The null hypothesis that the background mean is 0 has
Sp:rf:::rgtt ¢ map 0 (e textiire features observed in atomic been rejected because the p-value of the comparison is
smaller than 0.001
0.f ?“Bfat‘)—'m(;u: This me‘;l“’d estimates a loclal ’?501““0" g‘ 2. There is a significant proportion of outlier values in the
actor by decomposing the input map into a local magnitude S — et i O v\
and phase term using the spiral transform. S h;\_d\}"’; (;123(] g(“.)Rl d)tlu-..().i 1.06)
ection 2. . Deephies
08 LOCOIC;“FE““Y”: Thislme:h"d estimates the occupancy of a 1. The reported resolution, 2.60 A, is particularly with re-
voxe e macromolecule. . weok s . .
Y spect to the local resolution distribution. It occupies
0.h DeepHand!3: This method determines for maps whose res- the 0.00 percentile
olution is higher than 5 A whether the map has the right
hand or, on the contrary, they are the mirrored versions of
the correct map.
. . - instruct
instruct C.0.S. Sorzano, ... Image processing tools for the validation of image
@_; A Integrating  CryoEM maps. Faraday Discussions (in press) msm
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Level 1: ...+ Half maps

1.a Global resolution '#: The Fourier Shell Correlation (FSC) be-
tween the two half maps is the most standard method to
determine the global resolution of a map. However, other
measures exist, such as the Spectral Signal-to-Noise Ratio
and the Differential Phase Residual. There is a long debate
about the correct thresholds for these measures. Probably,
the clearest threshold is the one of the SSNR (SSNR=1).
For the DPR, we have chosen 103.9° 14 and for the FSC, the

standard 0.143.

1.a Global resolution
1.b FSC permutation
1.c Blocres

1.d Resmap

1.e MonoRes

1.f MonoDir

1.g FSO

1.h FSC3D

Sec.
Sec.
Sec.
Sec.
Sec.
Sec.
Sec.
Sec.

4.1
4.2
4.3
4.4
4.5
4.6
4.7
6.1

OK
OK
OK
1 warnings
OK
1 warnings
OK
OK

®
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1b

lic

1d

le

Permutation test FSC!°: This method calculates a global res-
olution by formulating a hypothesis test in which the distri-
bution of the FSC of noise is calculated from the two maps.

BlocRes '®: This method computes a local Fourier Shell Cor-
relation (FSC) between the two half maps.

Resmap !7: This method is based on a test hypothesis testing
the superiority of signal over noise at different frequencies.

MonoRes '®: This method evaluates the local energy of a
point to the distribution of energy in the noise. This com-
parison is performed at multiple frequencies, and for each
one, the monogenic transformation separates the amplitude
and phase of the input map.

1.f MonoDir'?: This method extends the concept of local res-

18

1.h

olution to local and directional resolution by changing the
shape of the filter applied to the input map. The directional
analysis can reveal image alignment problems.

FSO: This method calculates the anisotropy of the energy
distribution in Fourier shells. It is an indirect measure of
anisotropy of the angular distribution or the presence of het-
erogeneity.

FSC Directional ?°: This method analyzes the FSC in differ-
ent directions and evaluates its homogeneity through the
sphericity of FSC surface.



Level 1: ...+ Half maps

Section 4.4 (1.d Resmap)

1. The reported resolution, 2.60 A, is particularly with re-
spect to the local resolution distribution. It occupies
the 0.00 percentile

Section 4.6 (1.f MonoDir)

1. The distribution of best resolution is not uniform in all

directions. The associated p-value is 0.000000.

20°

180°
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4.4 Level 1.d Local resolution with Resmap

Explanation:
This method [Kucukelbir et al., 2014] is based on a test hypothesis testing
of the superiority of signal over noise at different frequencies.

Results:

Fig. 26 shows the histogram of the local resolution according to Resmap.
Some representative percentiles are:

Percentile | Resolution(A)
2.5% 3.13
25% 3.45
50% 3.52
75% 3.55
97.5% 3.58

The reported resolution, 2.60 A, is at the percentile 0. Fig. 27 shows
some representative views of the local resolution.

250000 1
200000

‘S‘ 150000 1
100000 -

50000 A

28 29 30 31 32 33 3.4 35 36
Local resolution (A)

Figure 26: Histogram of the local resolution according to Resmap.




Level 2:...+2D classes

2.a Reprojection consistency: The 2D classes can be aligned
against the reconstructed map, then the correlation between
reprojections of the map and the 2D classes can be ana-
lyzed. Also, analyzing the residuals (2D class minus the cor-
responding reprojection) can reveal systematic differences.
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Figure 39: Histogram of the correlation coefficient between the 2D classes
provided by the user and the corresponding reprojections.

2.a Reprojection consistency

Sec. 6.1 OK
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2D Class Reprojection Residual
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Covariance Correlation
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Level 3: ...+Particles

34

3b

Outlier detection: The set of particles is classified into the
input set of 2D classes of Level 2. The number of particles
considered to be outliers in those classes is reported. A par-
ticle is an outlier if its Mahalanobis distance to the centroid
of the class is larger than 32!.

2D Classification internal consistency: The input particles
are classified in 2D clusters. The quality of the 2D clusters is
assessed through Fourier Ring Correlation.

2D Classification external consistency: We measure the over-
lap between the subspace spanned by the classes in Level 2
and the classes of Level 3.

instruct
Integrating
Biology

3.a Outlier detection Sec. 9.1 OK
3.b 2D Classification internal consistency  Sec. 8.2 Cannot be automated
3.c 2D Classification external consistency  Sec. 8.3 OK
— User vs New
20 —— New vs User
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Figure 46: Probability density function of the correlation of the user classes
compared to the newly computed classes and vice versa.

The following table shows for each class in the User set which is the best
match in the New set and its correlation coefficient.

User class New class Correlation

:’N

0.856

0.887




Level 4: ...+ Angular assignment

4.a Analysis of the distribution of the similarity between the in-
put particles and the reprojection from the same angular ori-
entation by different scores.

4.b Alignability smoothness??: This algorithm analyzes the
smoothness of the correlation function over the projection
sphere and the stability of its maximum.

4.c Alignability precision and accuracy: The precision?* ana-
lyzes the orientation distribution of the best matching repro-
jections from the reference volume. If the high values are
clustered around the same orientation, the precision is close
to 1. Otherwise, it is closer to -1. Below 0.5, the best direc-
tions tend to be scattered. The alignability accuracy?* com-
pares the final angular assignment with the result of a new
angular assignment. The similarity between both is again
encoded between -1 and 1.

4.d Angular error distribution between the provided angles and
an independent angular assignment performed with state-
of-the-art algorithms.

4.e 3D Classification of the input particles without angular re-
finement.

4.f Detection of overfitting2*: This method compares the reso-
lution achieved by subsets of images of increasing size and
by subsets of noise images of the same size.

4.g Angular distribution efficiency2®: This method evaluates the
ability of the angular distribution to fill the Fourier space.

4h Sampling compensation factor?”: This method is another
way of measuring the ability of the angular distribution to

fill the Fourier space.

4.

Analysis of the stability of the defocus parameters. For this
purpose, defocus, B-factor, astigmatism, and phase shift can
be estimated from the given particles, and these refined pa-
rameters’ deviations are reported. Ideally, the differences in
defoci cannot be larger than the ice thickness. The same can
be done with local magnification offsets (which should be
around 0) and the B-factor.

4.a Similarity criteria Sec. 9.1 Cannot be automated
4.b Alignability smoothness Sec. 9.2 1 warnings
4.c Alignability precision and accuracy Sec. 9.3
4.d1 Relion alignment Sec. 9.4
4.d2 CryoSpare alignment Sec. 9.5 1 warnings
4.d3 Relion/CryoSparc alignments Sec. 9.6 1 warnings
4.e Classification without alignment Sec. 9.8
4.f Overfitting detection Sec. 9.8
4.¢ Angular distribution efficiency Sec. 9.9
4.h SCF Sec. 9.10
4.i CTF stability Sec. 9.11 1 warnings

Section 9.2 (4.b Alignability smoothness)

1. The percentage of images whose angular assignment is
significantly away from the smoothed maximum is too
high, 50.2%

Section 9.5 (4.d2 CryoSparc alignment)

1. The percentage of images with uncertain shift is larger
than 20%

Section 9.6 (4.d3 Relion/CryoSparc alignments)

1. The percentage of images with uncertain shift is larger
than 20%

Section 9.11 (4.i CTF stability)

1. The 95% confidence interval of scale factor is not cen-
tered.
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Level 4: ...+ Angular assignment
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Figure 53: Top: Shift difference between the alignment given by the user and

the one calculated by CryoSparc. Bottom: Angular difference. The X-axis
represents all particles sorted by their difference.
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Figure 54: Top: Shift difference between the alignment given by Relion and
the one calculated by CryoSparc. Bottom: Angular difference. The X-axis
represents all particles sorted by their difference.




Level 5:

...+ Coordinates

5.a Micrograph cleaner2®: This method assigns a score between
0 and 1, reflecting the probability that the coordinate is out-
side a region with aggregations, ice crystals, carbon edges,

etc.
[ 5.a Micrograph cleaner Sec. 11.1 OK |
11 Level 5 analysis
11.1 Level 5.a Micrograph cleaner
Explanation:
This method assigns a score between 0 (bad coordinate) and 1 (good coordi-
nate) reflecting the probability that the coordinate is outside a region with
aggregations, ice crystals, carbon edges, ete. [Sanchez-Garcia et al., 2020]
Results:
0 coordinates out of 1457 ( 0.0 %) were scored below 0.9 by Micrograph-
Cleaner.
Automatic criteria: The validation is OK if less than 20% of the co-
ordinates are suspected to lie in aggregations, contaminations, ice crystals,
ete.
STATUS: OK
. instruct
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Level A: ...+ Atomic model

A.a

Ab

A.c

Ad

Map-Q2?: This method computes the local correlation be-
tween the map and each one of its atoms assumed to have a
Gaussian shape.

FSC-Q3°: This method compares the local FSC between the
map and the atomic model to the local FSC of the two half
maps.

Model ambiguity by molecular dynamics>!: This method es-
timates the ambiguity of the atomic model in each region
of the CryoEM map due to the different local resolutions or
local heterogeneity.

Guinier plot of model and map32: This method compares
the falloff in Fourier space between the map and atomic
model.

Phenix CryoEM validation tools33: Phenix provides several
tools to assess the agreement between the experimental map
and its atomic model. Two large clusters of these mea-
surements are: 1) different ways of measuring the cross-
correlation between the map and model, and 2) different
ways of measuring the resolution between the map and
model.

A.f EMRinger3*: This algorithm compares the side chains of the

Ag

atomic model to the CryoEM map.

DAQ?: This algorithm uses deep learning that can esti-
mate the residue-wise local quality for protein models from
cryo-Electron Microscopy (EM) maps. The method calcu-
lates the likelihood that a given density feature corresponds
to an aminoacid, atom, and secondary structure. These like-
lihoods are combined into a score that ranges from -1 (bad
quality) to 1 (good quality).

A.a MapQ Sec.
Ab FSC-Q Sec.
A.c Multimodel Sec.
A.d Map-Model Guinier Sec.
Ae Phenix validation Sec.
A f EMRinger Sec.
A.g DAQ Sec.

13.1
13.2
13.3
13.4
13.5
13.6
13.7

OK
OK
OK
OK
1 warnings
1 warnings
1 warnings

Section 13.5 (A.e Phenix validation)

1. The resolution reported by the user, 2.6 A, is signif-
icantly smaller than the resolution estimated between

map and model (FSC=0.5), 4.4 A
Section 13.6 (A.f EMRinger)

1. The EMRinger score is smaller than 1, it is 0.892.

Section 13.7 (A.g DAQ)

1. The average DAQ is smaller than 0.5.
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Level A: ...+ Atomic model
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Figure 73: Histogram of the cross-correlation between the map and model
evaluated for all residues.
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Level W: ...+ Workflow

14 Workflow

Workflow file: http://nolan.cnb.csic.es/cryoemworkflowviewer/workflow/

637ca2bbcd57e45e88f6fabb7f6b1095a3caldeb
SHA256 hash: 5d8c5{f8948{4ac986{5d43{819515e25668bfdcd954b8b8&c41d15c¢df00fda2

Fig. 79 shows the image processing workflow followed in Scipion to achieve

these results.
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Level W: ...+ Workflow

14 Workflow

Workflow file: http://nolan.cnb.csic.es/cryoemworkflowviewer/workflow/
637ca2bbcd57e45e88f6fabb7f6b1095a3caldeb
SHA256 hash: 5d8c5ff8948f4ac986{5d43f819515¢25668bfdcd954b8fb8c41d15cdf00fda2

Fig. 79 shows the image processing workflow followed in Scipion to achieve
these results.

Project

/ Ot - (rifindd

Param name

objectid

ot lavel
aject commens
_sseQueve:

ostpst

Param value

bt classMlame: Liga P 1000

0631
™ - s

[P

precequisites
queusParans: LT

IrPUTMICOgraphs:e55] DLp NI iy a0hs

Rl

1]

]
P

C.0.S. Sorzano, ... Image
processing tools for the validation
of CryoEM maps. Faraday
Discussions (in press)




Example

C.0.S. Sorzano, ... Image
processing tools for the
validation of CryoEM
maps. Faraday
Discussions (in press)

Fig. 6 Isosurface and central slice of EMDB 11337 (left), EMDB 22301 (middle), and EMDB 22838 (right), all of them are SARS-CoV2 spikes.
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Conclusions

SPA has to operate in a very noisy environment, which imply
small errors (noise) and big errors (bias).

The only way to detect bias is by comparing the estimates of
several algorithms

r

Vreconstructed — P‘JACO'I‘J‘ect + (1 T ])) "'v-i-nco-r-rect
Then, we should validate our result with the many tools
available.

Part of the information needed for others to validate is the
raw data and the disclosure of our image processing
pipeline/decisions
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