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Macromolecular structure determination in MicroED
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Small molecules - straight forward

Jones et al. ACS Central Science 2018
Gruene et al. Angew. Chem. Int. 2018
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Small molecules - straight forward

= 50 nm

Martynowycz, et al. JOVE (2021)




Protein crystals
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Fragmentation

Irregular hole sizes

> 600 nm

& Fragmentation

<600 nm

de la Cruz et al. nature methods. 2017
Sgro GG & Costa TR Frontiers in molecular biosciences. 2018
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Tau peptide Lysozyme TGF-Bm-TRRII Xylanase Thaumatin

Crystals

Fragments

de la Cruz et al. Nature Methods 2017
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Blotting — sometimes, it works great!

Vasireddy et al. BioRxiv 2025



Blotting — other times, the stuff of nightmares




A different view — dual beam microscopes

Kuba et al. Journal of Microscopy 2020
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Where are the crystals?
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Where are the crystals?
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Milling — when life gives you crystal lemons
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Milling protein crystals

Martynowycz et al. Meth Mol Biol. (2020)
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Milling protein crystals
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Data processing, structure solution, model building and refinement

Molecular replacement

PHASER
Model building
Fragment-based ab initio Coot
Data processing PHASER
XDS SHELXE Refinement
DIALS
ACORN REFMACS5
phenix.refine
BUCCANEER SHELXL

Direct methods

SHELXT/D




The continuous rotation method is analogous to X-ray crystallography

Still-diffraction method Continuous-rotation method

1st frame 000000000000000000000
2ml:amef o Q000000000 o
3dtrame} 00000000 Q0000000

Discrete steps

00000000000 o
000000000000000000000

Continuous rotation electron diffraction data collection Continuous rotation MicroED data collection and structure
of protein nanocrystals using a hybrid pixel detector determination from protein microcrystals

Nederlof et al., Acta Cryst. D69, 1223-1230 (2013) Nannenga et al., Nat. Methods 11, 927-930 (2014)
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Crystallographic software are compatible with MicroED data

$ Colboratie Compustonsbrc X ||

€ 5 X & cphacuk

HOME \BOUT CCP4 v SOFTWARE v DO(

CCP4: Software for Macromolecular X-Ray
Crystallography

The CCP4 software can be downloaded and runs on Windows, Mac OS and
Linux. It provides an integrated suite of programs for determination of macro-
molecular structures by X-ray crystallography that can be accessed through a
graphical interface on your computer, through CCP4 Online, or through CCP4
Cloud.

CCP4 offers a variety of workshops and courses for students, early career re-
searchers, and project leaders. We aim to develop cutting edge approaches to
experimental determination and analysis of macromolecular structures. Please
contact us if you want to join CCP4.

Sign up for the Bulletin Board email list & and follow us on Twitter & for news

and help. Don't hesitate to report any issues you may have with our software.

NB. If you are looking for our old website, it is available here.

& Download

UPCOMING WORKSHOPS

CCP4/APS School in Macromolecular
Crystallography
June 14 - June 25, 2021

South American School

September 2021

MX VACANCY ADS

Job posting - Post Doc in polysacchar-

ide lyase mechanisms

Postdoc position - Understanding an-
tibiotic resistance mechanisms in
bacteria

CCP4 software package https://www.ccp4.ac.uk/

Winn et al., Acta Cryst. D67, 235-242 (2011)

* »Q : « C @ phenix-onlineorg

PRENIX 1,10 0000 memence vt o s s

Phenix Documentation - 1.19.2-4158

Phenix programs and their functions
The Phenix graphical interface
Overview of video tutorials

Dictionary_of cr ic and other terms
FAQs: Frequently asked questions

How to install, setup and run Phenix
Complete Phenix reference documentation
Find a program or regression test

Bi phy.

Index

Crystallographic Structure Solution with Phenix

Experimental
Phasing

Data Quality
Assessment

Density
Modification

Molecular
Replacement

Model
(Re)building

Refinement & Structure
Validation Deposition

Checking data quality | Experimental phasing | Molecular | Model building | Structure
Structure validation | Ligand fitting | Making_geometry_ restraints | Structure All

Ligand Fitting

Phenix ion for X-ray Cr

Phenix Documentation for Neutron Crystallography

Structure re | Structure validation | Making_geometry_restraints | Structure deposition| All

Cryo-EM Structure Solution with Phenix

Phenix software suite https://phenix-online.org/
Adams et al., Acta Cryst. D58, 1948-1954 (2002)
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https://phenix-online.org/
https://phenix-online.org/
https://phenix-online.org/

Electron and X-ray diffraction

Electrons interact with the electrostatic potential

X-rays
12 keV
12 keV
12 keV \
Elastic Inelastic
P, =0.05 P,=0.95

+ 200 keV collateral damage
per useful diffracted quantum

G

Electrons
200 keV 200 keV
® i .
~200 keV
Elastic Inelastic

+ 200 eV collateral damage
per useful diffracted quantum

Diffraction geometry and Ewald construction

20,

The Ewald construction is virtually flat for electron diffraction



Indexing X-ray and electron diffraction patterns

X-ray diffraction Electron diffraction

12 keV X-ray photons, A = 1.0332 A 200 kV electrons, A = 0.0251 A
Scattering angle 28, = 62.2° at 1 A Scattering angle 26,= 1.4° at 1 A




Atomic scattering factors
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Atomic scattering factors

Electrons
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Example 1: Efficient ligand incorporation into microcrystals of proteinase K by on-grid soaking

4 V4 N/ Y4 )
— 1@ — &
\U - \= NS
add crystals > back blot >add ligands > back blot

% Martynowycz & Gonen, Structure 29, 88-95 (2021)




Visual inspection of the diffraction data quality
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https://www.scripps.edu/tainer/arvai/adxv.html

Data processing software

XDS DIALS

2% 00 *0

2% 00 *0

XDS Program Package

IALS ‘

Diffraction Integration for Advanced Light Sources

monochromatic diffraction data recorded by the rotation method.

DIALS: Diffraction Integration for
Advanced Light Sources

Contact

DIALS East, DIALS-

Funding

idelberg Imprint Datens

Winter et al., Acta Cryst. D74, 85-97 (2018)

Kabsch, Acta Cryst. D66, 125-132 (2010)
Clabbers et al., Acta Cryst. D74, 506-518 (2018)

https://xds.mpimf-heidelberg.mpg.de
https://strucbio.biologie.uni-konstanz.de/xdswiki
https://homepage.univie.ac.at/tim.gruene/ research/seminars/index

https://dials.qgithub.io/index.html
https://dials.github.io/documentation/ tutorials/dials for ed.html



https://dials.github.io/documentation/tutorials/dials_for_ed.html
https://strucbio.biologie.uni-konstanz.de/xdswiki
https://strucbio.biologie.uni-konstanz.de/xdswiki
https://strucbio.biologie.uni-konstanz.de/xdswiki
http://homepage.univie.ac.at/tim.gruene/research/seminars/index

Setting up data processing in XDS
Default in XDS is to run all steps including spot finding

/ (COLSPOT), indexing (IDXREF), data integration

(INTREGRATE), refinement and scaling (CORRECT)
JOB=XYCORR INIT COLSPOT IDXREF DEFPIX INTEGRATE CORRECT

DETECTOR=ADSC OFFSET=512 GAIN=14 > Parameters describing the detector setup, offset for
DIRECTION OF DETECTOR X-AXIS=1.0 O. negative pixel values, and detector gain
DIRECTION OF DETECTOR Y-AXIS=0.0 1.

NX=2048 NY=2048 QX=0.028 QY=0.028

TRUSTED REGION=0.0 1.41

0 0.0
0 0.0

ORGX=1024 ORGY=1024
DETECTOR DISTANCE=1853

ROTATION AXIS=1.0 0.0 0.0
OSCILLATION RANGE=0.25
X-RAY WAVELENGTH=0.0251

> Rotation axis and angular increment in deg/frame during
MicroED data collection

REFINE (IDXREF)=BEAM AXIS ORIENTATION CELL !POSITION . o . . .
REFINE (INTEGRATE)='!POSITION BEAM ORIENTATION !CELL AXIS ——> Parameter refinement during indexing (IDXREF), integration

REFINE (CORRECT)=BEAM AXIS ORIENTATION CELL !POSITION (INTEGRATE) and refinement (CORRECT), detector distance
(POSITION) should preferably be decoupled from lattice

MINIMUM I/SIGMA=1.0 refinement (CELL)

STRONG_PIXEL=6.0 __ —> Spot finding parameters (COLSPOT) for pixels to be included that
MINIMUM NUMBER_OF_PIXELS_IN_A SPOT=6 exceed the background by at least 6 standard deviations, and
have at least 6 pixels to be considered as a spot




Refinement of the experimental and lattice parameters

l mv GXPARM.XDS XPARM.XDS
\ XPARM. XDS VERSION Feb 5, 2021 BUILT=20210323
JOB=DEFPIX INTEGRATE CORRECT —— 1 0.0000  0.2500 0.999529 0.030622 -0.001849
0.025100 ~0.004082 0.002496 39.840637
DETECTOR=ADSC OFFSET=512 GAIN=14 89 67.1354 67.1354  102.0969 90.000 90.000 90.000
DIRECTION OF DETECTOR X-AXIS=1.0 0.0 0.0 ‘23-223553 3?-;82;%? ‘ég-gzzggg
F DETECTOR Y-AXIS=0.0 1. . o e .
DIRECTION OF_ CTOR_ 520.0 1.0°0.0 45.235233 88.466454 23.478504
NX=2048 NY=2048 0x=0.028 0Y=0.028 1 2048 2048 0.028000  0.028000
TRUSTED_REGION=0.0 1.41 1024.000000  1024.000000  1853.000000
1.000000 0.000000 0.000000
ORGX=1024 ORGY=1024 0.000000 1.000000 0.000000
DETECTOR DISTANCE=1853 0.000000 0.000000 1.000000
- 1 1 2048 1 2048

ROTATION AXIS=1.0 0.0 0.0
OSCILLATION RANGE=0.25
X-RAY WAVELENGTH=0.0251

REFINE (IDXREF)=BEAM AXIS ORIENTATION CELL !POSITION
REFINE (INTEGRATE) =POSITION BEAM ORIENTATION !CELL AXIS A key feature of data processing with XDS is iterative recycling of
REFINE (CORRECT) =BEAM AXIS ORIENTATION CELL !POSITION the refined experimental and lattice parameters (XPARM.XDS)
suggested during integration and refinement

MINIMUM I/SIGMA=1.0

STRONG_PIXEL=6.0
MINIMUM NUMBER OF PIXELS IN A SPOT=6

BEAM DIVERGENCE= 0.01486 BEAM DIVERGENCE E.S.D.= 0.00149
REFLECTING RANGE= 1.29714 REFLECTING RANGE E.S.D.= 0.18531

\ Estimated mosaicity of the crystal in degrees

Estimated reflecting range/rocking curve for a reflection in degrees




Refined unit cell parameters and intensity statistics

REFINED VALUES OF DIFFRACTION PARAMETERS DERIVED FROM 30765 INDEXED SPOTS

REFINED PARAMETERS:  AXIS BEAM ORIENTATION CELL

STANDARD DEVIATION OF SPOT ~ POSITION (PIXELS) 1.84 _ ,

STANDARD DEVIATION OF SPINDW Data are integrated in Laue group 4/mmm
SPACE GROUP NUMBER 89

UNIT CELL PARAMETERS 67.133  67.133  102.087 90.000 90.000 90.000

E.S.D. OF CELL PARAMETERS 1.2E-01 1.2E-01 6.5E-02 0.0E+00 0.0E+00 0.0E+00
REC. CELL PARAMETERS 0.014896 0.014896 0.009796 90.000 90.000 90.000

COORDINATES OF UNIT CELL A-AXIS 25.847 3.201 -61.875
COORDINATES OF UNIT CELL B-AXIS 54.348 -33.364 20.977
COORDINATES OF UNIT CELL C-AXIS -45.241 -88.453 -23.474
CRYSTAL MOSAICITY (DEGREES) 0.180

LAB COORDINATES OF ROTATION AXIS 0.999534 0.030477 -0.001864

DIRECT BEAM COORDINATES (REC. ANGSTROEM) -0.004092 0.002480 39.840637
DETECTOR COORDINATES (PIXELS) OF DIRECT BEAM 1017.20 1028.12
DETECTOR ORIGIN (PIXELS) AT 1024.00 1024.00
CRYSTAL TO DETECTOR DISTANCE (mm) 1853.00

LAB COORDINATES OF DETECTOR X-AXIS 1.000000 0.000000 0.000000

LAB COORDINATES OF DETECTOR Y-AXIS 0.000000 1.000000 0.000000

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA R-meas CC(1/2)
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected
5.26 3955 913 1038 88.0% 17.4% 13.5% 3948 8.39 19.8% 96.5%*
3.75 7308 1504 1651 91.1% 15.3% 13.2% 7301 9.51 17.3% 97.1%*
3.07 9728 1948 2064 94.4% 17.6% 15.7% 9720 7.91 19.7% 97.2%
2.66 11663 2279 2415 94.4% 26.2% 24.9% 11654 5.46 29.3% 93.9*
2.38 13259 2568 2702 95.0% 36.7% 40.2% 13243 3.78 41.0% 89.8%*
2.18 14681 2817 2966 95.0% 47.9% 56.2% 14663 2.94 53.5% 81.2%
2.02 15908 3047 3204 95.1% 63.5% 79.5% 15884 2.17 70.9% 72.1%
1.89 17179 3266 3435 95.1% 95.6% 132.0% 17156 1.33 106.6% 51.5%
1.78 17426 3435 3638 94.4% 157.2% 245.8% 17351 0.69 175.7% 25.5%
total 111107 21777 23113 94.2% 30.8% 34.4% 110920 3.72 34.5% 96.8%*

Space group determination https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Space group determination



https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Space_group_determination
https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Space_group_determination
https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Space_group_determination

Setting up data processing in DIALS

Importing the data and defining additional detector
/ parameters that are not listed in the metadata
dials.import template=./img/####.1img\
distance=1853 detector.panel.pedestal=512 detector.panel.gain=14

dials.find spots imported.expt\ . Spot finding parameters for pixels to be included that exceed the
sigma strong=6 nproc=32 background by at least 6 standard deviations

dials.search beam position imported.expt strong.refl\
n _macro_cycles=3

dials.index optimised.expt strong.refl\
beam.fix=all detector.fix=distance
——> Data indexing and refinement of the lattice parameters
dials.refine indexed.{expt,refl}\
beam.fix=all detector.fix=distance

dials.integrate refined. {expt,refl}\
prediction.d min=1.7 nproc=32 . .
- ——> Data integration and scaling
dials.scale integrated.{expt,refl}\
d min=1.78 min Ih=1.0




Refined unit cell parameters and intensity statistics

Unit cell: (67.1851(16), 67.1851(16), 102.221(4), 90.0, 90.0, 90.0)

Space group: P42 2

Summary of merging statistics

Overall
Resolution (A) 43.08-1.78
Observations 110649
Unique reflections 22007
Multiplicity 5.0
Completeness 94.87%
Mean l/o(l) 5.8
Rmerge 0.256
Rmeas 0.286
Rpim 0.125
CCy, 0.972

Low resolution

43.09 - 4.83

5566

1216

4.6

92.54%

12.1

0.175

0.198

0.089

0.970

High resolution
1.81-1.78
5358

1093

4.9

95.46%

1.5

0.958

1.077

0.481

0.327

CCy,

Multiplicity

CC,, vs resolution

— CC,,
08 N CC,, critical value (p=0.01)

’ CC-anom

CC-anom critical value (p=0.01)

0.6
0.4
0.2\

0 C d .

4.83 320 257 220 1.96

Resolution (A)

Multiplicity vs resolution

s/f—/—v“\—\ Multiplicity
Anomalous multiplicity

4

3

2

1

0

4.83 3.20 2.57 2.20 1.96

Resolution (A)

<I/o(l)>

Completeness

4.83

0.8

0.6

0.4

0.2

4.83

<I/o(I)> vs resolution

2.57 2.20 1.96

Resolution (&)

Completeness vs resolution

3.20

~——— Completeness
Anomalous completeness

2.57 2.20 1.96

Resolution (A)



Data merging statistics

XDS DIALS
Overall 1InnerShell OuterShell Overall TInnerShell OuterShell
Low resolution limit 28.05 28.05 1.82 56.16 56.16 1.81
High resolution limit 1.78 9.08 1.78 1.78 9.07 1.78
Rmerge (within I+/I-) 0.285 0.161 1.795 0.241 0.155 1.025
Rmerge (all I+ and I-) 0.320 0.176 1.944 0.274 0.171 1.152
Rmeas (within I+/I-) 0.353 0.200 2.237 0.299 0.193 1.280
Rmeas (all I+ & I-) 0.359 0.203 2.186 0.307 0.197 1.292
Rpim (within I+/I-) 0.205 0.118 1.315 0.174 0.113 0.754
Rpim (all I+ & I-) 0.157 0.099 0.971 0.135 0.095 0.571
Rmerge in top intensity bin 0.134 - - 0.129 - -
Total number of observations 111107 685 5720 108664 789 6058
Total number unique 21777 188 1206 21984 209 1198
Mean ( (I)/sd(I)) 3.7 8.0 0.5 5.5 11.1 1.3
Mn (I) half-set correlation CC(1/2) 0.968 0.963 0.162 0.971 0.959 0.325
Completeness 95.6 88.5 93.9 95.8 95.0 91.9
Multiplicity 5.1 3.6 4.7 4.9 3.8 5.1

% Evans & Murshudov, Acta Cryst. D69, 1204-124 (2013); Evans, Acta Cryst. D67, 282-292 (2011)




STARANISO Server

https://staraniso.globalphasing.org/cgi-bin/staraniso.cgi

14 i 1A
\ ‘ 14 1.6 A

Tilt=0° Tilt= 60°
Thickness = t Thickness = 2t
resolution =1 A resolution = 1.6 A

Tickle, 1., Flensburg, C., Keller, P., Paciorek, W., Sharff, A., Vonrhein, C., Bricogne, G. (2016). STARANISO (http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi). Cambridge, United Kingdom:

Global Phasing Ltd.
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A word on XDS versions
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Molecular replacement using homology models

Phaser Finding a suitable search model

@ Ml
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McCoy et al., J. Appl. Cryst. 40, 658-674 (2007) = |
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Setting up molecular replacement in Phaser

Electron scattering factors can be selected from

the drop-down menu

x Phaser-MR (full-featured) (Project: aca)@bcminnie — a X

Eile Actions Settings Utilities Help

A 2?2 O Q W& W o/

Preferences Help Run Abort Save Xtriage Ensemblgr  Sculptor  Simple GUI
L Configure / 4 px
’ Input and general optionsl Ensembles ‘ ASU contents ‘ Search procedure ‘ ab

Title : |m r_protk_6cl7_truncated_dials

Phaser mode : Automated molecular replacement[v | Output... | Other settingsl

Input files

Data file : |/mnt/gonen/home/mclabbers/aca/dials/as‘.?.mtz Browse... il
Unit cell : |67.144 67.144 102.478 90 90 90
Space group : WLI Data labels : IMEAN,SIGIMEAN 'vI
High resolution limit for refinement : Ii
Use partial solution from previous job : --- v ﬂ j

ber of parallel threads \ [63  []

p

High resolution :

Output

Output directory : |/mnt/gonen/home)mclabbers/aca/phenix Browse... i]

All output files will be placed in subdirectdries named phaser_xX

@ idle Project: aca Y

As this stage we have only narrowed down the
space groupto P4 2 2

x Phaser-MR (full-featured) (Project: aca)@bcminnie — a X

Eile Actions Settings Utilities Help

A ? o ki K # & & .

Preferences Help Run Abort Save Xtriage Ensembler  Sculptor  Simple GUI
U Configure ‘ 4 b x
’ Input and general options ‘ Ensembles ‘ ASU contents ‘ Search procedure ar
Protocol
Strategy :
Search | Copies to search for | | Specify the different components for which you want to search. If

more than one ensemble is listed for a component Phaser will try
them all as alternative models for that component.

v !t‘% Add Search I
- ’Componentl;l 1;
b % 6cl7tphv Delete..‘l

Determine search order automatically

‘Search options

Also try alternative space group(s) :  All possible in same pointgroup VEl More... |
Search method : Fast ‘v More...
@ idle Project: aca Y

Phaser can search for the most likely solution in all other
possible space groups within the same point group



Finding a well-contrasting solution

x Phaser-MR (full-featured) (Project: aca)@bcminnie — a X

Eile Actions Settings Utilities Help

A 2?2 O Q W\ W e &

Preferences Help Run Abort Save Xtriage Ensembler  Sculptor  Simple GUI
Configure | phaser_27 4 b x
’ Run status ‘Graphs ‘Results ab
Summary
Phaser has found 1 MR solution(s). ‘Q Run phenix.refine ‘ | TF Z-score H Have I solved it?
Top LLG: 7068.359 | I th 5 H
TpTFZ 708 7 Run AutoBuild | ess than no
Spacegroup: P43212 - | 5 - 6 H unlikely
%*Run MR-SAD | 6-7 [ possibly
-Output files | 7-8 H probably
Title: mr_protk_6cl7_truncated_dials L.
%
Directory: /mnt/gonen/home/mclabbers/aca/phenix/phaser_27 | more than 8 H deﬂnltely
File name Contents | *6 for 1st model in monoclinic space groups
- phaser.l.mtz Phases and maps
2 phaser.1.pdb Output model

https://www.phaser.cimr.cam.ac.uk/index.php/Molecular Replacement

@ Open in Coot ‘

¥ 4/ Open in PyMOL

@ idle Project: aca

N\



https://www.phaser.cimr.cam.ac.uk/index.php/Molecular_Replacement

Structure refinement

Murshudov et al., Acta Cryst. D67, 355-367 (2011) Afonine et al., Acta Cryst. D68, 352-367 (2012)
refmac5 \
xyzin phaser.1.pdb \
hklina.mtz \
xyzout refmac.pdb \ X phenixrefine (Project: aca)@bcminnie (] X
hklout refmac.mtz \ file Act E— Utilities Hel
<< eof | tee refmac.log Eile Actions Settings Utilities Help
make check NONE % E . A : ~ \
make - A ? VS 0 h‘d § a %'0 ‘o
peptide NO - preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help
hydr all - Confi Refine_7 X
cispeptide YES - e ...e me-... =
ssbridge YES - Input data | Refinement settings | Output = Amber ‘ b
symmetry YES - - -
sugar YES - Strategy
connectivity NO - XYZ (reciprocal-space)  [] XYZ (real-space) [] Rigid body Individual B-factors
link NQ. Refinement strategy : p I j
source electron mb [ Group B-factors [ TLS parameters [ Occupancies [ Anomalous groups
i istsi - Number of cycles : |5 ﬂ
refi -
type REST - . Select Atoms | Note: selections can only be made for enabled options (e.g. NCS groups are available if "Use NCS" box is checked)
resi MLKF - Electron scattering factors |
meth CGMAT - X X
bref ISOT Targets and weighting
nCy:: 100 Target function : Automatic v Optimize X-ray/stereochemistry weight Optimize X-ray/ADP weight |
scal -
tLySPSCS[MP - [J use NCS NCS type : ‘forsic Automatic linking options
é)'\:[!fifo - [] Reference model restraints [ Use secondary structure restraints [=] Use experimental phase restraints
hvent-YES Refinement target welghts...l Model interpretation...| NCS option j
weight MATRIX auto
torsion 10.0 - Other options
distance 10.0 - [J Automatically add hydrogens to model [ update waters Place elemental ions :
angle 10.0 -
plane 10.0 - [ simulated annealing (Cartesian) [ simulated annealing (Torsion angles) ~ Scattering table : electron v
chiral 10.0 -
bfactor 10.0 - Automatically correct N/Q/H errors Twin law : Number of procegSors : |1 ﬂ j
bsphere 10.0 -
rbond 10.0 - Global refinement parameters...| Modify start model...l All parameters... j
ncsr 10.0
labin FP=F SIGFP=SIGF FREE=FreeR_flag
labout FC=FC FWT=FWT PHIC=PHIC PHWT=PHWT DELFWT=DELFWT PHDELWT=PHDELWT FOM=FOM )
@ idle Project: aca
PNAME f4pk
DNAME 1
RSIZE 80 .
END Electron scattering factors
€0

Electron scattering factors can be set using the keyword SOURCE ELECTRON MB,
the keyword MAPC FREE EXCLUDE ensures that no missing reflections will be filled
in with weighted estimates of Fc for map calculations

Electron scattering factors can be selected from the drop-down menu, phenix.refine
writes out two 2mFo-DFc maps, with and without restoring missing reflections with
weighted estimates of Fc for map calculations



Rigid body refinement of the molecular replacement solution

x phenix.refine (Project: aca)@bcminnie — O X

File Actions Settings Utilities Help

A ?2 o ©Q kW B € . % W ©

preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help
‘ Configure | Refine_7 4 px
H Results | MolProbity | Real-space correlation | Atomic properties ‘ 4ap X Refinement statistics for Refine_7 by cycle@bcminnie - U
Output files =
Title: refine_6cl7_tpvh_dials L6 9175
Directory: /mnt/gonen/home/mclabbers/aca/phenix/Refine_7 1.4 0156
File name Contents | - Open in Coot %, 1.2 0125
-_refine_7.log phenix.refine log file : - )10
- refine_7.geo Geometry restraints before refine... ‘  Open in PyMOL =
{ refine_7.eff Effective parameters for this run - 0.8
-+, refine_7.pdb Refined model ) o ‘
A -l ) Gs’ Sequence viewer
- refine_7.cif mmCIF model for PDB deposition 0.28
Convert map coefficients MTZ to CCP4 maps | ® .27
@
2 0.26
Refinement statistics 5
o - ey B - & 0.25
©..Compare statistics ily Plot statistics by cycle il Plot statistics by resolution
0.24
Before and after refinement: — S e e e N A m e e S e e S
. . oy T i T I Tty O | 1 1 [ B e |
Starting  Final Cycle - .-

R-work | 0.2789 0.2424
Rfree | 0.2820 0.2783
Bonds = 0.019 0.004
Angles | 1.650 0.666

X-ray statistics by resolution bin:

@ idle Project: aca




Model building using Coot

.4

File Edit Calculate Draw Measures Validate About Ligand

= Q Reset View [= Display Manager & 8.

‘ Other Modelling Tools

Find Waters...

B-.Find Ligands...

#:Find Secondary Structure...

Vd =

Build Nucleic Acid...

!

Cis <-> Trans

C-alpha Baton Mode...

Ca Zone -> Mainchain

Add OXT to Residue...

Multi-Residue Torsion

Reverse Direction...

Place Helix Here

Place Strand Here

Ideal DNA/RNA...

Base Pair...

Choose "Undo" Molecule... |

[N X

¥ Close

R/RC

=
o
b1

48060

-3

SR VAN THR 4

1&‘ C: )

0

A )

+

@ (1:

[(mol. no: 0) OG /1/A/235 SER occ: 1.00 bf: 12.76 ele: O pos: (21.14,-20.28,0.75)

Emsley et al., Acta Cryst. D66, 486-501 (2010)




Placing ligands based on the difference map




Structure refinement

X eLBOW (advanced interface) (Project: aca)@bcminnie - ]

X
Eile Actions Settings Utilities Help
v P ~ P
A ? & D £ SY ® @ -
Preferences Help Run Abort Advanced GUI REEL LigandFit
 Configure eLBOW_12 ‘ b X phenix.refine (Project: aca)@bcminnie - O X
L:gand definition Eile Actions Settings Utilities Help
-r‘L’r, The chemical components code is the name of the ligand as it appears in the PDB, such as ATP or FAD. 7
3 9 @ N
| ; . % W
5 7
Chemical component code :  |I3C < Search chemical component database l A ? ‘ RVl 0 M ‘ . ! % %‘ Q
preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help
G L U Configure l Refine_24 ‘ 4 b x
output di y: ! h labb a/phenix Browse... il
) - - Input data | Refinement settings%‘ Output ‘ Amber ‘ Jab }
Job title : |elbow_ restraints_i3c i J
Output file prefix : y ic |w Str. ategy
Quantum chemisuy...l Input options...| Output... | Output options...l ey XYZ (reciprocal-space) XYZ (real-space) [] Rigid body Individual B-factors j
[J Group B-factors [ TLS parameters Occupancies  [] Anomalous groups
Number of cycles : |5 EI
© idle Project: aca %/
Select Atoms | Note: selections can only be made for enabled options (e.g. NCS groups are available if "Use NCS" box is checked)
Generating ligand restraints for refinement
Targets and weighting
Target function : Automatic v Optimize X-ray/stereochemistry weight Optimize X-ray/ADP weight
Selection Editor@bcminnie [ x| [J use NCS NCS type : torsion-angle| v Automatic linking options
L) /s &
v 2 &9
.t - — : < 4 " n [ Reference model restraints [J Use secondary structure restraints [=] Use experimental phase restraints
Save and Close  Load Export Validate Syntax ' Sequence  Model Help
RodeLiie: /h labb henix/refine_13-coot-3.pdb Refinement target weights...l Model interpretation...l NCS options j
l Custom y i ‘ i
l XYz ‘ Torsion Angles “f‘ ipancie l Fix O Group O dividual ADP Other Options
Selection .
Add selecmnl e Sg‘mml Teoes doTa0n [J Automatically add hydrogens to model Update waters Place elemental ions : I
[0 simulated annealing (Cartesian) Simulated annealing (Torsion angles)  Scattering table : electron v |
Automatically correct N/Q/H errors Twin law : | Number of processors : |1 ﬂ j
Global refinement parameters...| Modify sfart model...l All parameters...l j
@ idle Project: aca Y
< [ 2l

Selecting atoms/residues for occupancy
refinement

Update waters automatically within phenix.refine



High occupancy ligands

12% occupancy

21% occupancy 0% occupancy

75% occupancy

59% occupancy

58% occupancy 61% occupancy

75% occupancy




Finalizing the refinement

File Actions Settings Utilities Help

A 2?2 o 0 W B &€ i 0w E

Lo,

X phenix.refine (Project: aca)@bcminnie — o X
File Actions Settings Utilities Help
K § - 3
A 2?2 O @ g 4 % W @
Preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help
fe | bol hi d i i k for hel,
Configure Refineizs‘ 4 b x
i” esults]| MolProbity | Real-space correlation | Atomic properties | Hydrogens ‘ 43P
Output files
Title: refine_6¢l7_tpvh_dials_rebuild_elbow_occupancy
Directory: /mnt/gonen/home/mclabbers/aca/phenix/Refine_25
File name Contents |[‘ " Open in Coot |
2 refine_25.log phenix.refine log file
4 refine_25.geo Geometry restraints before refine... ’) 4 ope“ in PyMOL |
A refine_25.eff Effective parameters for this run N
{ refine_25.pdb Refined model /”S N
e equence viewer
Q refine_25.cif mmCIF model for PDB deposition =] o q

Convert map coefficients MTZ to CCP4 maps |

Refinement statistics

Compare statistics ‘ } ily Plot statistics by cycle ‘ ‘ ily Plot statistics by resolution l

Before and after refinement:

| starting  Final ‘
R-work | 0.1906 0.1750
R-free | 0.2252 0.2224
Bonds 0.003 0.010
Angles 0.626 0.870

X-ray statistics by resolution bin:

R-work R-free %complete FOM
56.16 - 3.56 0.1534 0.1718 93.7% 0
3.56 - 2.82 0.1566 0.2117 94.7% 0
2.82- 2.47 0.1730 0.2308 94.8% 0
2.47- 2.24 0.1723 0.2299 95.1% 0
2.24- 2.08 0.1761 0.2494  95.2% 0
2.08- 1.96 0.2005 0.2598 95.4% 0
1.96 - 1.86 0.2141 0.2892 95.5% 0
1.86- 1.78 0.2626 0.3137 92.8% 0
© idle

.91
.90
.87
.88
.88
.86
.85
.84

’hase erro icale facto

12. .00
15.
19.
20.
21
22.
26.
25.

35
37
11
33
84
57
25
35

@O RO R

01
01
99
02
06
98
90

#work #test
2755 156
2654 131
2615 143
2585 138
2573 152
2585 132
2584 118
2502 132

Project: aca

outliers unless these are exceptionally clear in the electron density (usually at very high resolution). Be sure to also check the MolProbity
validation results for this structure, as they are more itive to the g ic properties of proteins and nucleic acids (especially in the
case of dihedral angles).

Bond length restraints
Number of restraints:

RMS(deviation):
Max. deviation:

2134
0.010 /
0.092 \ e

of outliers > 4sigma: 0

Bond angle restraints

Number of restraints: 2910
RMS(deviation): 0.872 ’
Max. deviation: 9.723 N

Number of outliers > 4sigma: ]

Preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help
Configure = Refine_25 e
| Results ity | Real-space correlati Atomic prop ydrog L
Summary ‘ Basic geometry | Protein | Clashes L
This page rep;)llt; statistics f’u’rmgeome(ry used in refi As a general rule, a fully refined structure should not have any

Dihedral angle restraints

Number of restraints: 1222 |
RMS(deviation): 12.431 : ,L\
Max. deviation: 71.155 LN
of outli > 4sigma: ]
Chirality restraints
Number of restraints: 312
RMS(deviation): 0.057
Max. deviation: 0.251

Number of outliers > 4sigma: ]

Planarity restraints

Number of restraints: 382
RMS(deviation): 0.007
Max. deviation: 0.050

Number of outliers > 4sigma: [:]

© idle

Project: aca




The best strategy for modelling and refinement depends on the data quality
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Electrostatic potential 2mFo-DFc maps are shown in blue, contoured at 1.60. Difference mFo-DFc maps are shown in

% green and red at a contour level of 2.8c for positive and negative potential, respectively.




Interactive model building using medium to low resolution data with ISOLDE

ChimeraX

File Edit Select Actions Tools Favorites Presets Volume ISOLDE Help

- a x
Home | Molecule Display = Nucleotides = Graphics = Map = Medical Image = Markers | Right Mouse = ISOLDE
[u]m] . )
mEB & RIS SS J oL [1H EHLEQ
Open Recent Save Snapshot Spin  Show Hide Show Hide Stick Sphere Ball ~White Black Simple Soft Full Inspect
movie stick
File Images Atoms Cartoons Styles Background Lighting Selection |
i =~ ISOLDE e®
{
‘/3‘," \ | ”Tutorials;
p Working on: | 1.2. MyD88_2019( ~ | Help \
Simulate

Sim settings | Rebuild | Validate

Selected residue: A 295 LEU trans mp, f=2.36, Z=(0.11,0.61)

e aaadl. Sy
A\ Pl X |

2|z ¢ [ uto | -|
x':—%}*‘ %: \\ WX Sl DX
A K| X

= s RS

gDEEﬂEnIP [l i e

Experience level | default il

Command: !

Models | ISOLDE | Log

R-work: 0.3001 Rfree: 0.3491 [, H

Screen capture courtesy of Tristan Croll. Data from Clabbers et al., Nat. Commun. 12, 2578 (2021)

Croll, Acta Cryst. D74, 519-530 (2018); https://isolde.cimr.cam.ac.uk/



https://isolde.cimr.cam.ac.uk/

Validation of crystallographic data and model stereochemistry

Bernhard Rupp, Biomolecular Crystallography,
Garland Science, New York (2009)

R*

Working set

o  Cross-validation
test set

Rwork/Rfree 0.175/0.222

SA composite omit map

x phenix.refine (Project: aca)@bcminnie — [m] X
File Actions Settings Utilities Help
ol ' g
X 2 o O u 2 . & W ©

Preferences Help Run Abort Save Graphics ReadySet TLS Restraints Xtriage Ask for help

Configure | Refine_25 b x

Results MoIProblty Real-space correlation Atomic properties Hydrogens b
4 b

Summary  Basic geometry | Protein  Clashes

Validation summary

score represents the experimental resolution expected for a model of this quality; ideally the score should be

) These statistics are computed using the same underlying distributions as the MolProbity web server. The overall
PROBITY lower than the actual resolution.

Basic statistics for refine_25.pdb:
Ramachandran outliers (Goal : <0.2%) Ramachandran favored (Goal : > 98%)
Rotamer outliers: 0.00% (Goal : 1%) C-beta outliers: 0 (Goal : 0)
Clashscore: 5.45 Overall score: 1.45

Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N = 277): -0.60 (0.47)
helix (N = 79): 0.03 (0.50)
sheet (N = 46)

loop (N = 152): 0.22 (0.51)

¥4 Show validation in KiNG

Missing atoms
No missing non-hydrogen atoms detected.

@ idle Project: aca




Example 2: Fragment based ab initio structure determination of proteinase K

Density Modificati
Place ideal helical fragments o _0 ||ca. o Automatic Building
and Chain Tracing

'% Martynowycz et al., Nat. Methods 19, 724-729 (2022)




MicroED data collection on proteinase K crystal lamellae using electron counting

High resolution pass Low resolution pass

5.0 A
1.5 A |




Integrating the high resolution data using XDS

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA R-meas CC(1/2)

LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected
4.40 7181 1529 1748 87.5% 11.4% 9.5% 7175 13.29 12.8% 98.3%*
3.15 13637 2590 2807 92.3% 11.6% 10.3% 13628 13.08 12.8% 98.6%*
2.58 17862 3275 3524 92.9% 18.0% 15.2% 17847 9.13 20.0% 97.0%*
2.24 21341 3837 4120 93.1% 24.6% 22.7% 21321 6.57 27.1% 94.7%*
2.01 24517 4353 4654 93.5% 30.2% 30.0% 24494 5.20 33.3% 92.3%*
1.83 26894 4755 5084 93.5% 42.6% 49.5% 26866 3.50 47.0% 85.2%
1.70 29221 5137 5488 93.6% 65.6% 100.7% 29188 2.11 72.3% 68.3%
1.59 31369 5512 5877 93.8% 96.5% 210.4% 31333 1.33 106.3% 45.2%
1.50 31980 5801 6253 92.8% 134.7% 501.3% 31896 0.85 148.8% 25.4%*

total 204002 36789 39555 93.0% 25.3% 36.2% 203748 4.67 28.0% 98.4%*

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA R-meas CC(1/2)

LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected
4.39 7146 1582 1755 90.1% 12.2% 10.1% 7138 11.73 13.7% 97.6%*
3.15 13450 2665 2789 95.6% 12.4% 11.0% 13444 11.44 13.9% 98.0%*
2.58 17781 3384 3528 95.9% 19.4% 16.4% 17772 8.07 21.6% 95.8%*
2.24 21161 3985 4105 97.1% 26.9% 24.2% 21150 5.77 30.0% 92.5%*
2.01 24081 4476 4601 97.3% 32.2% 33.1% 24065 4.62 35.8% 89.5%
1.83 26742 4929 5070 97.2% 44.2% 54.5% 26724 3.20 49.1% 80.6%
1.70 29089 5350 5475 97.7% 66.8% 96.8% 29067 1.97 74.2% 60.0%*
1.59 31165 5719 5852 97.7% 95.4% 152.0% 31143 1.28 105.9% 43.9%
1.50 32179 6073 6231 97.5% 129.1% 360.8% 32115 0.84 143.6% 21.1%*

total 202794 38163 39406 96.8% 26.8% 34.1% 202618 4.16 29.9% 97.6%*




Integrating the low resolution data using XDS

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected
14.22 131 47 68 69.1% 22.5% 16.2% 119 5.60
10.36 286 81 94 86.2% 17.0% 16.8% 281 6.03
8.55 402 101 110 91.8% 17.1% 16.4% 400 6.75
7.44 470 111 123 90.2% 17.1% 16.8% 469 7.15
6.68 601 131 143 91.6% 17.0% 17.5% 601 7.22
6.11 683 142 153 92.8% 19.2% 18.5% 682 7.12
5.67 739 158 167 94.6% 17.8% 18.3% 738 6.90
5.31 759 165 171 96.5% 17.6% 21.2% 759 7.21
5.01 536 167 189 88.4% 15.0% 17.8% 519 5.84
total 4607 1103 1218 90.6% 17.6% 18.0% 4568 6.75

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected
14.27 137 51 67 76.1% 13.0% 10.5% 132 6.56
10.38 300 77 95 81.1% 16.6% 14.7% 297 6.04
8.55 432 99 111 89.2% 15.5% 13.3% 431 8.35
7.45 523 111 123 90.2% 16.2% 15.2% 523 8.17
6.68 641 133 144 92.4% 18.6% 17.9% 639 7.19
6.11 698 139 153 90.8% 19.1% 20.3% 698 6.60
5.66 803 153 167 91.6% 19.7% 22.2% 803 6.23
5.30 788 159 171 93.0% 19.7% 21.4% 787 6.52
5.00 550 159 190 83.7% 15.2% 20.2% 538 5.77
total 4872 1081 1221 88.5% 17.4% 17.9% 4848 6.77
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Placing fragments using PHASER
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