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EM DataBank: map resolution
>39k cryo-EM reconstructions in EMDB

EMDB entry resolution in shells per year
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EMDB: maps with fitted models

EMDE entries with fitted models in PDB per year

¥ 8 & 1 Resolution
. Fitted models < 27 [197]
> 2A and < 3A [5360]
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> 8A and < 12A [611]
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Scientific Comg

Features interpretable at different resolutions

Resolution-based workflow

Villa et al. 2014

Malhotra S. et al., COSB 2019
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C ~10-25 A ~4-10 A <~4 A )
Low resolution Intermediate resolution High resolution »
Rigid fitting )
( Flexible fitting / local refinement )
Integrative modelling ) ( de novo building )




Science and
Technology
Facilities Council

Scientific Computing

Model validation

Scientific Computing



Aspects of validation

Model quality (geometry)
Fit to data (Global and Local)

Overfitting

Model bias

Scientific Computing



Model quality (geometry)

Feature resolution

Hydrogen atom position Atom clashes C-a geometry

Waters Torsion angles Residue packing

lons Bond lengths Inter-residue distances
Non-covalent interactions Bond angles Secondary structure quality

Side-chain rotamers
Base stacking
Chirality

C-B deviation
Ligands

Molprobity, Coot/Moorhen, Isolde, PDB-
REDO and others

Richardson et al. Acta D, 2018

Science and Prishqnt et al. Prot Sci., 2020
Technology De Vries et al. IUCrl, 2021
Facilities Council Casanal et al. Prot Sci. 2020

Scientific Computing https://moorhen.org/

Domain-domain interaction
Protein-protein interaction



Model quality (geometry)

Clashes
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% $§;’;'ﬁoag’;d . Richardson et al. Acta D, 2018
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Model quality (geometry)

Cis-peptides
Cis-Pro : 5-6%
Cis-nonPro: ~0.05%

genuine

?;’l??,‘;ﬁ:g'}d | Richardson et al. Acta D, 2018
Facilities Council Prishant et al. Prot Sci., 2020
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Model quality (geometry) &~ § —— |
CaBLAM [ 311

C-Alpha Based Low-resolution Annotation Method

Virtual
O angle O

Ca.,

Backbone
geometry
check

% Science and
Technology Qe .
Facilities Council Williams et al. Prot SCI., 2018

Scientific Computing Prishant et al. Prot Sci., 2020



Model quality (geometry)

Ramachandran outliers

Ramachandran z-scores
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Sobolev et al. Structure, 2020

Rama-Z
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Fit to data

How well the model agrees with data both globally and locally ?

Is the model traced/fitted to the background rather than the molecular
volume?

Is the model overfitted (to noise in the map) ?
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Global agreement with map

. Map-model
2.9A full map: 0.32 Contoured map: 0.59 overlap mask: 0.42

Cross-Correlation _— ——————
Coefficient

Values vary depending on
map processing, resolution

Cropped full map: 0.37 Cropped,contoured map: 0.55

|
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Global agreement with map

Model-map FSC

Brown et al. Acta D, 2015
Yamashita et al. Acta D, 2021

Rosenthal and Henderson JMB 2003
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(9)ccP-EM

model-map F5C plot
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Global agreement with map

Lawson et al. Nature Methods, 2021
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Correlation absolute value

Fhad{ﬂ Matric r*anges. 0.85-1.00
TEMPy CCC_QV |5 ci | 0.70-0.84
TEMPy MI_OV | 0.00-0.69
TEMPy SMOC D
Fhenix CCpeaks - |
Phenix CCbox || | 3 Score correlations,
Phenix CCmask 2 63 models
PhenixEMRinger EMRinger
Fhenix FSCO05
ChimeraMAPQ  Qscore
EMDBVis Al_all
TEMPy MI
TEMPy CCC
TEMPy LAP
CCPEM/Reimac FSCavg
TEMPy ENV .
x @
c38iilitli85]2
gEdgogghox " g"



Local agreement with map

Segment based Manders’ Overlap Coefficient
(SMOC)

0.90 1 =

An overlap coefficient is calculated over voxels -” e
) 0.85 | peart
covered by each residue (and the local
. 0.80 |
neighborhood) |
0.75 | Bl
, 070 1 Pl
SMOC = 2 ;
JE]"I- X 2 JE]’I. }.rz 065 .
0.0 | I |
Joseph et al. Methods 2016, Farabella et al. Acta D 2015 055147
Science and 0.501
% Technology
Facilities Council 0.45 |
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Deposited

Local agreement with map
2.5A SARS-CoV2 RNA pol

1.0

Ml pdb7bv2_ O

SMOC
Q
~J

870 875 880 885 8390 895 200 205 10 15 20 925 30
Residue

Chojnowski G. Acta Cryst 2022

CheckmySequence Chain: A

%% Register shift:
protein start: 906 end: 919 start_new: 915 end_new: 928 —logipvalue): 1.0068789995424352 si: 100.0 ,

model seq: dmysvMLTNDNTSRYWEPEfyeamytphtvlggg
new seq : dmysvmltndntsrYWEPEFYEAMYTPHtv1lqgg




Local agreement with map: resolvability

A 1.52A(PDB:3ajo, 2fo-fc) B 1.54A (EMD:9865) C 1.75A (EMD:20026)
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Residue position/trace

Atom inclusion score

A2 T-A 205
A296-A:520
AS21-AT753
A:754-A081

AOE2-A:1147

B:27-B:302
B:303-B:539
B:540-B:771
B:772-B:008
B:999-B: 1147

C:27-C:205%
C:296-C:525
C:526-C: 758
C:750-C:987

C:OBB-C:1147
D:1-D:2
E:1-E:2

F:1-F:2
G1-G:2
H:1-H:2

I:}—I:%

I(J:l—ll:z
L:1-L:2
M:1-M:2
M:1-N:2
Q:1-0:2
A1301-A:1316
B:1301-B:1319
C:1301-C:1320

Science and
Technology
Facilities Council

Scientific Computing

Atom inclusion by residue at contour level 0.4
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Backbone trace?

FDR validation score

. Value | Z-score Value |Z-score
MapQ 0.20 | -3.34 ~ 0.53 | -0.66
SMOC 0.78 | -1.40 0.70 | -0.29
ISCCC 0.60 | -1.25 0.55 | -0.64
PHENIX 0.73 | -0.76 0.73 | -0.34
FSC_Q 1.37 | 4.89 0.25 | 0.1
FDR_score 0.49 @ -4.85 0.83 | -1.23
TRP188 GLY86
NI
ml 3
5 S|
1.00 :__"?_. E
] <
S =
8 e
|_
0.80
o
0.80
%
2 1)
Scientific S

Lawson et al. Nature Methods, 2021

TO104EMO060_2

MapQ

SMOC

SCCC

PHENIX

FSC_ Q- -0.51

FDR_score 0.66

MapQ SMOC SCCC

1.0

- 0.4

- 0.2

0.49

- 0.0

]
PHENIX FSC_Q FDR_score

Olek Mateusz
Kathryn Cowtan
Peijun Zhang

UNIVERSITY

o York

Maxmillian Beckers, Arjen Jakobi and

Carsten Sachse. 2016
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Model geometry vs fit-to-data

Map P
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Model geometry vs fit-to-data

Do the models represent the map data well?
Do we need more validation metrics for publication?

0.9 - " ‘_3 14 .
0.8 - ,. ’s N g ..-‘v 12.0 .
% 500 LR
. L < oo ®
0.7 co .." :s.ﬁ ",o ..’oz P o rib - C 10 - o
5 00.0* i ! '. < fe o % . B e.° o D
C>Do.6 1 o 2pls o %< gy o T 9.0 .5 =
- &° o} o - ° i L
m 0 5 "‘. %.. .::0‘-..; .‘?. e .. *a % 2 E 8 ‘
U F o ’ r : ’.’. v’q‘ % = i [ oo R ° o 3 . L]
N © e, -l *" o . wn QU 61 S o° L
L 0.4 - . ¢ 5% a . o .. 60 @ o * o
° ] ‘00.0‘0. o,.. 2 .. . m ® ® ® o 0 l‘. e®
0.3 1 - ¢ ¥ .o ® e ‘ ‘ 47 > %.'# L ]
. o o .. Kl L ] ‘ :
0.2 - i e | ¥ - alt
- 3.0 . . . : . . .
0.1 . 0.5 1.0 1.5 2.0 2.5 3.0 3.5
05 10 15 20 25 30 35 Molprobity
MolProbity
Science and Mean score of structures worse than 3.5A resolution is 1.8 (< 3.5A is
Technology 1. 6) .
Facilities Council

Scientific Computing 31.2% of the structures had FSCavg scores worse than 0.5.



POOr flt ~28% of structures have potential issues with
backbone trace (FDR-backbone score)

Molprobity score : 1.39
0 Ramachandran outlier, 1 poor rotamer, clashscore: 6.3

0.2
0.5 0.75
3.4A
4 0.8 1.0
Science and .
% SR Eare FDR-backbone score

Scientie¥€pRSRg2016) (Olek et al. 2021)



Model geometry vs fit-to-data

Can the map fit / representation be improved ?

0.4 - : 0.8 - I
12.0 . 12.0

0.3 - 0.6 -

0.2 g
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w v o) O .
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0.0 - - 6.0 or %8 - 6.0

o
-0.1 4 . y- - ‘

-0.2 - 3.0 3.0
02 -01 00 01 02 03 04 02 -01 00 01 02 03 04
dMolProbitv dMolProbity
% Science and FSCavg of 94% of structures in the dataset improved with further refinement

echnolo
Facilities %{:uncil

Scientific Computing ~45% of the dataset had improved MolProbity scores as well
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Test against equivalent but independent data

0.70 - z > 16 0.70
s training map Overfitting r. egime 24 w—straining map
== == testing map ' == == testing map
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- © c
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e
2
045 - y — T ; -4 0.45 7 :
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
Density weight log(wg) Density weight log(wg)

Mm-cpn in the ATP/AIFx induced closed state
4.3 Aresolution

Er;t.gc;’ -. DiMaio et al 2013; DiMaio and Chiu 2016
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Model guality

Feature resolution

—

Hydrogen atom position Atom clashes [ C-a geometry Domain-domain interaction i
Waters Torsion angles | Residue packing Protein-protein interaction
lons Bond lengths Inter-residue distances [
Non-covalent interactions Bond angles Secondary structure quality [
Side-chain rotamers |
Base stacking I I
Chirality [
C-B deviation I
Ligands \ /

_————————————’

Many of the deposited models are optimized more
towards model geometry than fit to data.

i d . . .
Toematony Evaluation of low-resolution features is hot common!
Facilities Council

Scientific Computing



Fit to data

We need scores normalised for resolutions or reference distributions for different resolution bins

Better validation approaches especially to assess overfitting

Science and
Technology
Facilities Council

Scientific Computing



EMDB statistics (geometry)

Molprobity score Cis-proline (%)
Resolution Q1 Q2 Q3 Resolution Q1 Q2 Q3
1.0-2.5 1.2 1.39 1.67 1.0-2.5 0 1.02 5.41
2.5-3.5 1.27 1.53 1.8025 2.5-3.5 0 0 2.8
3.5-4.5 1.4025 1.695 1.96 3.5-4.5 0 0 2.4675
4.5-6.5 1.32 1.77 2.1175 4.5-6.5 0 0 2.94
>6.5 1.08 1.68 2.05 >6.5 0 1.22 2.46
Clashscore Ramachandran Z-score
Resolution Q1 Q2 Q3 Resolution Q1 Q2 Q3
1.0-2.5 3.1575 4.485 6.79 1.0-2.5 -0.955 0.35 144
2.5-3.5 3.6175 5.765 8.17 2.5-3.5 -1.32 -0.12 0.91
3.5-4.5 423 7.165 11.075 3.5-4.5 -1.705 -0.445 0.71
4.5-6.5 3.33 7.82 13.803 4.5-6.5 -2.12 -0.615 0.11
>6.5 2.26 6.57 12.65 >6.5 -1.73 -0.68 0.31

Ramachandran outlier (%)

Resolution Q1 Q2 Q3
1.0-2.5 0 0 0.04
2.5-3.5 0 0 0
Science and 3.5-4.5 0 0 0.1
% fechnology 4565 0 0.045 0.405
>6.5 0 0.09 0.86

Scientific Computing



EMDB statistics (fit to map)

FSCavg (upto FSCO0.5)

Resolution Q1 Q2 Q3
1.0-2.5 0.746 0.773 0.8
2.5-3.5 0.738 0.7725 0.797
3.5-4.5 0.7 0.747 0.778
4.5-6.5 0.706 0.738 0.767
>6.5 0.7055 0.754 0.8015
CCC (mask)
Resolution Q1 Q2 Q3
1.0-2.5 0.57225 0.615 0.6585
2.5-3.5 0.565 0.616 0.658
3.5-4.5 0.55925 0.615 0.657
4.5-6.5 0.55 0.626 0.693
>6.5 0.5365 0.635 0.7105
SMOC average
Resolution Q1
1.0-2.5 0.6
2.5-3.5 0.6855
% Science and 3.5-4.5 0.775
Technology
Facilities Council 4.5-6.5 0.85975
>6.5 0.89

Scientific Computing

Q2
0.6555
0.737
0.817
0.8905
0.914

MI (mask)
Resolution Q1
1.0-2.5 0.004
2.5-3.5 0.015
3.5-4.5 0.019
4.5-6.5 0.0245
>6.5 0.02675

Resolution

Q3

0.69325
0.779
0.847
0.906
0.935

Q2
0.012
0.025
0.032

0.05
0.0635

SMOC Z-score < -2 (%)

1.0-2.5
2.5-3.5
3.5-4.5
4.5-6.5
>6.5

Q1
2.49675
2.353
2.64725
3.116
2.6775

Q2
2.845
2.8
3.1345
3.552
3.2875

Q3
0.029
0.041
0.055

0.07525

0.10825

Q3
3.27925
3.216
3.55925
3.995
3.60225



Model validation

Multiple complementary validation metrics are often useful than a single
score

Faster validation scores

Better link between model building, refinement and validation

Science and
Technology
Facilities Council

Scientific Computing



Doppio model validation

Metrics
Molprobity (Geometry statistics) @ Yes
Servalcat FSC (Model-map FSC) O Yes
TEMPy global (Real space map fit) @ Yes
TEMPy SMOC (Per-residue map fit) @' Yes

FOR backbone (Per-residue backbone trace) O Yes

CheckMySequence (Sequence agreement) O Yes

Willams et a. 2018, Chen et al. 2015,

Yamashita et al. 2021,

® ® O O @® O

Mo

Mo

Mo

Mo

Mo

Mo

PROJECT JOBS NODES NEW JOB
Filter jobs by name or descripti e :
Expandall

Atomic Model Validation ~

b ©6 ©6 6 ©

checkMySequence
checkmysequence.atomic_model_va
lidatien - Check modeled
sequence against expected
sequence and EM map

Molprobity
molprobity.atomic_model_validatio
n.geometry - Atomic model
geometry assessment

Atomic model validation
pipeliner.atomic_model_validatio
n - Validate atomic models with
multiple methods

Privateer
privateer.atomic_model_validation.
glycans - Validate Glycan
conformation

TEMPy Scores
tempy.atomic_model validation.ma

Atomic model validation

RUN JOB INFO RESET OPTIONS

Job alias:
Main
Input model * required*
Quick evaluation? O Yes @ No
Metrics
Molprobity (Geometry statistics) @ Yes O No
Servalcat F5C (Model-map F5C) O Yes @ No
TEMPy global (Real space map fit) @ Yes O No
TEMPy SMOC (Per-residue map fit) @ Yes O No
FDR backbone (Per-residue backbone trace) O Yes @ No
CheckMySequence (Sequence agreement) O Yes @ No

Metric specific inputs

©

B B @ B e B

Joseph et al. 2016; Grzegorz C Acta D 2022

Science and
Technology
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Doppio model validation : e

500 variable
B Per-residue B-factors [A2)

Global map-fit scores ~
400
Metric Score
F5Cavg_modelmask_F5C0.5 0.784 2 300
F5Cavg_modelmask 0.63% §
FSCavg_h1_modelmask 0568 200
F5Cavg_h2_modelmask 0.568
CCC overlap mask 0.657 100
Model overlap fraction 0733
0 B M = L
CCC contoured map 0573 >0 1o 150 200 50
I
MI overlap mask 0.049 vale
Model-map FSC ~
O} i
model-map FSC plot Global geometry scores ~
FSC modelmask Metric Score Expected/Percentile
T pplmep-ret modeimask Ramachandran_outliers 0.10% <0.05%
=== 0.143 Ramachandran_favored 97.26% > 9B%
RamachandranZ_whole -0.72 bad |Rama-Z| > 3, suspicious 3 > |Rama-Z]|...
U
o RamachandranZ_helix -1.49 bad |Rama-Z| = 3, suspicious 3 > |Rama-Z|...
RamachandranZ_sheet 0.12 bad |Rama-Z| = 3, suspicious 3 > |Rama-Z|...
RamachandranZ_loop -0.48 bad |Rama-Z| > 3, suspicious 3 > |Rama-Z|...
Rotamer_outliers 0.34% <0.3%
CBeta_deviations 0 0
Spatial frequency (1/A) Clashscore 3.07 767 (percentile)
Molprobity_score 124 83.0 (percentile)
. Cis_proline 8.06 0%
Science and )
Technology Cis_general 0.31 0%
Facilities Council Rms_bonds 0.0085 <0.02
Rms_angles 142 <20

Scientific Computing



Doppio model validation

Outlier clusters

Cluster

W W W W W Ww NN RN NN RN RN R 2R

Science and
Technology
Facilities Council
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Chain_Residue

A_462
A_423
A_424
A_463
D_280
D_281
D_283
A_280
A_281
A_283
D_462
D_423
D_424
D_463
B_462
B_423
B_424
B_463
€ 280
c 281
C 283

Qutlier Typels)

ramachandran_outlier

omega_outlier | bad_clash (atom:CG - D_280 _H...
bad_clash (atom:N - D_281_0D2) | bad_clash (a...

bad_clash (atom:HB3 - A_428_HG21)

bad_clash (atom:HD11- A_423_CG) | bad_clas...
bad_clash (atom:0D2 - A_424_N) | bad_clash (a...
bad_clash (atom:NH1 - A_104_HG11) | bad_cla...
bad_clash (atom:HD11- D_423_CG) | bad_clas...
bad_clash (atom:0D2 - D_424 _N) | bad_clash (a...

bad_clash (atom:NH1 - D_104_HG11)

ramachandran_outlier

omega_outlier | bad_clash (atom:CG - A_280_H...
bad_clash (atom:N - A_281_0D2) | bad_clash (a...

bad_clash (atom:HB3 - D_428_HG21)

ramachandran_outlier

omega_outlier | bad_clash (atom:CG - C_280 H...
bad_clash (atom:N - C_281_ 0QD2) | bad_clash (a...

bad_clash (atom:HB3 - B_428 HG21)

bad_clash (atom:HD11-B_423 CG) | bad clas...
bad_clash (atom:0D2 - B_424 N} | bad_clash (a...

bad_clash (atom:NH1- B_104 HG11)

Outliers: chain A

Residue outlier plot

—— smoc
* smoc_outlier
—— fdrscore

L]
s
S
U
(]
400 600 800 1000
Residue number
CheckMySequence sequence p-values, protein chain A ~
The barsa ortional to the -log(p-value) and the higher they are, the more reliable the sequence of a fragment. Grey bars: Expected

‘ragmen

-log(p-value)

L8

match

M sequence confidence
== -log(p)=0.85

(AR —— ———————
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