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Contributors to CrystFEL

> Led by me, Thomas White (Center for Free-Electron Laser Science,
DESY Hamburg).

= Code contributions from:

= Valerio Mariani, Alexandra Tolstikova, Lorenzo Galli, Kenneth Beyerlein, Cornelius Gati,
Anton Barty, Fedor Chervinskii, Oleksandr Yefanov (CFEL).

Takanori Nakane (MRC-LMB, now Tokyo University).

Keitaro Yamashita (SPring-8)

Wolfgang Brehm (U Konstanz)
Rick Kirian, Nadia Zatsepin (ASU).
= Karol Nass, Andrew Aquila, Andrew Martin, Chun Hong Yoon (previously CFEL).

> Testing/feedback from the above people and many more.

> Words of wisdom from many people, in particular:

= Henry Chapman (CFEL), Petra Fromme (CFEL), James Holton (ALS/UC Berkeley),
John Spence (ASU/LBL), Kay Diederichs (U Konstanz).
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What is CrystFEL?

> CrystFEL.: data processing for “snapshot serial”’ crystallography (usually
using an FEL, but not necessarily).

> Development since late 2009. Version 0.6.1 to be released very soon.
> Licence: GPLv3 (free and open source software)

> User-oriented development.

> http:/lwww.desy.de/~twhite/crystfel

eeeeeeeeeeeeeeeeeeee
integrating difiraction pattems, scaling and merging intensities, simulating pattems, calculating figures of merit for the data and visualising the resuls. Supporting scripts are provided to help at all
cP4

aaaaaaaaaaaaaaaaaaaaaaaaaaaa page for more information.

“Official” citation: White et al., J. Appl. Cryst. 45 (2012) p335
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What do you get? Core programs

>

>

indexamajig
ambigator
process_hkl
hdfsee
cell_explorer
compare_hkl
check_hkl
pattern_sim
partial_sim
get_hkl
render_hkl
geoptimiser
list_events
whirligig
partialator

CFEL
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Bulk indexing and integration of patterns
Resolve indexing ambiguities

Merge using “Monte Carlo” technique
View images in HDF5 format (with geometry)
Examine unit cell parameter distributions
Compare merged reflection data

Evaluate merged reflection data

Simulate diffraction patterns

Simulate partial reflection intensities
Reflection data “Swiss army knife”
Render plane sections of reciprocal space
Optimise multi-panel detector geometry
Generate event lists

Detect rotation series

Merge using partialities and post-refinement
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What do you get? Documentation

:04] cfeld204tw ~/nyproject % indexanajig --he lp
indexanajig [options]

and index FEL diffraction inage:

anual pages: $ man indexamajig Bl

methods separated by conna:
‘man_indexamajig’ f
Get detector geometr
Get bean paraneters fro 1
avelength value if nc Tue und in
the HDFS file:
PDB file from which to get the unit cell to na
Default: 'molecule.p
enove the direc parts o
fron input fi
finding peak

the filename:

Use Zaefferer ( !
This is the default meth

Get from a table in HDFS file
table in HOFS file h

Default; /processing/hitfinder

erform final pattern integrati

elp mesages: $ indexamajig --help

erances for cell
e

e filter ets all
egio zero if any of then
Intensity measurement will

the inage as it vas before thi:
a median filter to the image data. Intensit
neasurement will be perforned on the inage as it
before this. The side length of the median
11 be 2<n>+1. Default: 0 (no filter)

ebsite, particularly: tutorial, best practice, FAQ

s
indexanajig -i filenane -o dexing=nethod [options

indexanajig --help
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CrystFEL

indexanajig
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« Home
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« About CystFEL
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« Sereenshots
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« 314 October 2012: CrysFEL vrsion 042 rleased.
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What do you get? Scripts

= Auxiliary scripts for plotting graphs, collating results etc.

> Difference from core programs: you're meant to copy them to your
working directory and modify them

1g!/usr/bin/perl -w

2

3use strict;

4 use File::Basename;

=

6 my $args = join(" ", splice(gARGV, 1, scalar(@ARGV)-1)):
7if [ '(sargs eq "") ) {

8 printf("Extra arquments for hdfsee: %s\n", $args);
9} else {

10 # Default arguments - feel free to override!

11 $args = "--binning=2 --int-boost=10";

12 printf("Using default arguments for hdfsee: %s\n",
13}

14

15 open (FH, $ARGV[O]);

16 open{TMP, "= list.tmp");

17

18 mw fin imana = M-

(] [
(@)
TI
Tl
—

n
@)
—
Z
@)
2
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What do you get? libcrystfel

> libcrystfel: shared library exposing high-level functions, e.g. “index this
pattern” or “calculate these partialities”.

> Possible application: use CrystFEL for online data processing within a
facility's monitoring software.

External "user" programs

> API docs on website l

4 libcrystfel 7\ CrystFEL

"Stream" I/0  Indexing
R-factors Detector geometry
Point group symmetry Unit cell
Thread pool  Reflection lists

\_ Partiality calculations )

indexamajig process_hkl compare_hkl
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Where can you get it?

> From the website: http:/lwww.desy.de/~twhite/crystfel
(or just type “crystfel” into your favourite search engine)

> “Release” versions: tested with a series of regression tests

> Git repository: very latest code, maybe broken, maybe awesome, slightly
harder to install (need autotools installed).

> Packaged snapshots: like Git repository, but slightly easier to install.

= Ubuntu, Red Hat, Debian packages, MacPort (back soon).
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Where can you get it?

> GNU General Public License (GPL):
“free” as in “freedom” (also as in “free beer”)

> Freedom to use the software for any purpose (even commercially).
> Freedom to study how the software works.
> Freedom to change the software, e.g. to fix bugs or add features.

> Freedom to share the software, even a modified version.

= No license forms to sign, send etc.

> The GPL ensures that these rights Free as in Freedom

are never restricted.
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Fundamental basis of CrystFEL

Every diffraction pattern is a new experiment and must be processed
individually.

(] [
(@)
TI
Tl
I—
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Pipeline in “indexamajig”

(S TITHGRTINIE - ovevoeomeeeeme e :
—— PAFAMIELEIS [ o ; :
CrystFEL unit '
cell file I
(optional) I_‘attlce tYF’e
information
MOSFLM :
Peak search k Check k
. Diffraction i i AUV i i
HDFS5 file pattern » mapping to [ s Corg)p()aztl.ér(\;to%eell to » locations agree with
reciprocal space [ | ! g indexing solution
A
: )
CrystFEL La'yout of HDF5 7777777777777777777777777777777 :
geometry file file, detector |
geometry | b b T
Y Y Y Y
Besliks Prediction and Determination Determination Refinement of
HIE e I integration of |<— of resolution limit | of prediction  f«— orientation and |«
(plain reflections (optional cutoff) parameters cell parameters
text!)

= Input: HDF5 (very common scientific format, many language bindings)
> Note: choice of methods for peak search, indexing and integration.

= QOutput: plain text “stream” - don't be afraid to look inside!
(tip: use “less”, not “gedit” - file can be very large)

CFEL

SCIENCE

Thomas White | Introduction to CrystFEL | 25. July 2015 | Slide 11



Peak search methods

> indexamajig [....] --peaks=hdf5 [....]
means “get peak list from HDF5 file”.

> indexamajig [....] --peaks=cxi [....]
means “get peak list from CXI file”.

> indexamajig [....] --peaks=zaef [....]
means “use internal peak search algorithm”.

> More peak search algorithms will probably be added in the future.
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Indexing methods

> indexamajig [...] --indexing=methodl,method2,.. [....]
List of indexing methods will be tried in order.

> Example method: mosflm-raw-latt

A

Invoke mosflm to Skip the step where Take the Bravais
index the pattern the unit cell lattice information
using the peaks from parameters would be from the reference
the peak search checked against the into account, e.g.
reference “look for tetragonal
P cells only”
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Indexing methods

> indexamajig [...] --indexing=methodl,method2,.. [....]
List of indexing methods will be tried in order.

> Example method: mosflm-axes-latt

A

Invoke mosflm to Check the unit cell Take the Bravais
index the pattern parameters against lattice information
using the peaks from the reference from the reference
the peak search into account, e.g.
“look for tetragonal
P cells only”
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Indexing methods

> indexamajig [...] --indexing=methodl,method2,.. [....]
List of indexing methods will be tried in order.

> Example method: mosflm-raw-nolatt

A

Invoke mosflm to Do not check the Do not use
index the pattern unit cell parameters Bravais lattice
using the peaks from information

the peak search

(] [
@)
I
m
I—
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Indexing methods

> indexamajig [...] --indexing=methodl,method2,.. [....]
List of indexing methods will be tried in order.

> Example method: dirax-comb-nolatt

A

Invoke DirAx Check the unit cell Do not use
parameters against Bravais lattice
the reference, information (DirAx
including doubling, cannot use this
halving, adding information)
lattice vectors as
necessatry.
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The Unit Cell Explorer

> cell explorer output.stream

X @ playtime stream - Unit Cell Explorer 0o
File Tools Help

Show results from:  mosflm-raw-latt-nocell PIA BIC | fFlHR

| 1
a b c=103.48 + 0.13 A
1T
0A
a B y

a=b=c=1035A
a=0p=y=90.0°
Body centered (I).

Possible space groups: 123, 12,3, 1432, 14,32, 1422 14,22, 14,, 14, 1222
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Indexing methods

> indexamajig [...] --indexing=methodl,method2,.. [....]
List of indexing methods will be tried in order.

> --indexing=dirax,mosfim,xds,mosflm-raw-latt,dirax-raw

| N\

Invoke DirAx (using Last resort: see
defaults, i.e. match Try XDS what DirAx finds
unit cell parameters) (defaults) on its own.
Still not indexed?
Invoke Mosflm (using Try getting Mosflm
defaults, i.e. match unit to look for our
cell parameters, use lattice lattice type, but
information) any parameters
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The Unit Cell Explorer

] X @ playtime.stream - Unit Cell Explorer g &
File Tools Help
Show results from:  mosflm-raw-latt-nocell PFA B C | FE HIR
a b c=103.48 £+ 0.13 A
[ 1 T T 11 T 1 ]
oA 110 0A 100.0 A 110 0A 100.0 A 110
a B y
T T T T T T I T T T
89.5° 20.0° 30.1° 89.5° 90.0° 90.1° 89.9° 20.0° 90.1°
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Geometry files

> indexamajig [...] --geometry=cspad.geom [....]

T

Geometry file describes the layout of data in the file,
as well as the physical layout of the detector.

“man crystfel _geometry”, templates distributed with CrystFEL, or ask a
friendly PCS collaborator, beamline scientist or us.

Analysis in CrystFEL can be surprisingly robust to inaccurate geometry.
“Calibration mode” in hdfsee.
Geometry refinement tool (geoptimiser).

“Prediction refinement” stage updates central beam position.

(“Beam files” are no longer needed as of CrystFEL 0.6.0)
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Integration methods

> indexamajig [...] --integration=method [....]
(only one integration method allowed)

> Example method: rings-sat-cen

A

Use “basic” Include saturated Center the
summation integration reflections integration position
(with background on the peak first

subtraction)

(] [
(@)
1
Tl
I—
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Integration methods

> indexamajig [...] --integration=method [....]
(only one integration method allowed)

> Example method: prof2d-nocen
Use 2D profile fitting Exclude saturated Do not center the
reflections (this is integration box

the default)

(] [
(@)
1
Tl
I—

Thomas White | Introduction to CrystFEL | 25. July 2015 | Slide 22

n
@)
—
Z
@)
2



Integration diagnostics

> indexamajig [...] --int-diag=<something>

= <something> can be:
= none (this is the default)
= Asetofindices, e.qg.4,3,5
= random — show a random 1% of reflections
* implausible — show reflections with | < -5sigma

" negative — show reflections with | < -3sigma

I( )
ﬂ
|r

Thomas White | Introduction to CrystFEL | 25. July 2015 | Slide 23

n
@)
m
Z
@)
2



> process_hkl -i input.stream -o output.hkl -y 6/m

Output: text file, can be imported Actual symmetry
Into most structure solution (note: centre of
programs. Alternatively: “create- symmetry added, i.e.
mtz” and “create-xscale” scripts. merge Friedel pairs)

Confused about point group notation? “man crystfel” for a list of all possibilities.
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Merging (advanced/experimental/dangerous/awesome)

> partialator -i input.stream -o output.hkl -y 6/m
- -model=unity -iterations=1

> partialator -i input.stream -o output.hkl -y 6/m
- -model=unity -iterations=3

> partialator -i input.stream -o output.hkl -y 6/m
- -model=scsphere -iterations=1

> partialator -i input.stream -o output.hkl -y 6/m
- -model=unity -iterations=0
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CrystFEL 0.6.0 - detector geometry refinement

> geoptimiser -i input.stream -g input.geom -o output.geom

= Refines 3D position each part of the detector individually, or at a level of granularity you
can specify (e.qg. all tiles individually, quadrants as one, whole detector).

] 1
(@)
TI
[Tl
||—
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— Thomas White | Introduction to CrystFEL | 25. July 2015 | Slide 26
SCIENCE



Finding “mini rotation series”

> whirligig input.stream

= Compares orientations of consecutive crystals, taking into account symmetry and
indexing ambiguities. Outputs lists of events forming series.

P. Nogly, D. James, D. Wang, T. A. White et al., IUCrJ 2 (2015):

Occasionally, two or three consecutive hits were recorded
on some of the larger (40-50 pm) crystals. Bragg spots
appeared and disappeared within this sequence of consecutive
images, indicating that the rotational diffusion of crystals in
the LCP within the 80 ms between two exposures is larger
than their mosaic spread. To investigate this further, a
computer program was written to compare the orientations of
crystals in adjacent frames using the data stream output from
CrystFEL. For the fraction of data acquired with a 25 ms
exposure time (81% of the total frames), 1088 frames (26% of
the successfully indexed patterns) were found to be part of a
rotation series. The mean series length was 2.2 frames and
the maximum series length was 4 frames.
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“Best practice” guidelines

CrystFEL ~§CFEL

SCIENCE

Infarmation CrystFEL processing best practice
= Home
« About CrystFEL Thiz page cantalng aur most recant recormmeandations b processing SFX data uging CrystFEL, a2 wall a3 aarme hinks 2nd 1ips.
» Download
* Exira programs General

5 shat y . 3 o & ¥ ;
3 Mm—'::nmz:t + Fzad all the massapss wiitlen fo the lemminal oy the various CrystFEL programs. They conlain imporant intarration and uzeful advice.
.
= Citations

Peak search

Decumesnialion » Good psak detsction is ezsential for indexing, 2o i's worh spending a long fime oplimising the peak search. Experimerd with and wse whichever combination you like from the pesk dsiection options. which &re:  maksezact,
» Chusrview - -paars=hil5 .- thraskald, - -grad-ant, --mi0-a0r, --meztan-Ti1Ter, -t tAr-nes, -2 e -iEE -SATLATRd | -0 erRealiZate ANd .- chack-hdi5-snr. Nons of fese options can do anything other than Increase of decrease he indexing success

R rak
* Installatian
» Manual hag pean he detault since CrygtFEL 0.5.1. This opllon states 1hal saturated peaks s i pe given 1o the Indesing procedurs. [Eaoes nat maan nat thelr intenzises will be integrated and Incuded 10 he Unal

= Best Practice

« FAQ detaul behaviowr prior to SrystFEL D55, Sinca then, the detault kehaviour has been nof b check fa SN of pea<a 1 you USe --peass=hd-5 0 your Indexing rate dopped atter upgrading o CrystFEL 0L5.3,

* Changes ek 1his aplion o restar: he old behaviowr
= Tulorial
& APl Reference Indexing

= When Inltizly datzrmining e unit o2l parametsns, iy Indexdng With wost La- rae-rolastnzcel | At Mosfim is ihe only Indexing method which can guess the latics ype. Once you're camvinced about the Iaflice type, uss wostLe-
® Conlaclh Faw-Tast G congieain 1he seanh,

* Logal lnformstion, = Once you've determingd the cell paramatars, Use as many Indexng methods 28 yau can, provides hatmay all usa ce. L. -asas Of conz. The more, the memen You can somatimes increase 1he Indexing rate by combining multiple
irvacations ol the same indexing progeam, S eeample: - indsed s ensTe-Tatt e Te-nsTait,

* DESY Homepage » Atall stages, avold using -bad anywhers inyour lis1of indexing methods, Add this opton anly if s really neceszary.

= CFEL Homepage

# Donobuss -coeb if ones of the cell paramaters is a simple mulipls of ths olhars, a.g. il ais approximabely equal lo 2k This happens with tetragonal lysezyme, so don't asswms i won'l hapssn o you. -ces i5 the dafaull for many

R indexing methods, g0 specify - zxec sxplicity. See thea mtoal (stap 10) for & discussion.

s Sol he unil rall inleranras (ot acesead wicds eooonh b0 canbra the enlire dicivibolions o all the nammelers onless unn bavs enme easan in eelrict il The wedibe of The dicribolinne vare bahessn camnlos enounn bavs s

“Definitely use this option”
“Don't use this option except for testing”
“Try this option and see what happens, might be good or bad”
“Watch out for this ‘gotcha"”
... etc ...

“ECFEL

E SCIENCE
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CrystFEL in the PDB (highlights)

Photosystem | (the first

SFX experiment) 4NC3 - 409R . A”wy .
Chapman et al., Nature 2011 Serotonin receptor  Smoothened receptor ~ Natively inhibited Cathepsin B
bound to ergotamine using LCP injector Redecke, Nass et al., Science 2013

Lui et al., Science 2013 Weierstall et al., Nature
Communications 2014

4Q54

_ 4034 _ Photosystem Il in putative S,
Serial crystallography using Lysozyme (Gd derivative) ab excited state
a synchrotron beamline initio phasing using SAD Kupitz, Basu et al., Nature 2014

Stellato et al., IUCrJ 2014 Barends et al., Nature 2013
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CrystFEL in the PDB | selected citations

2015

Y. Kang, X. E. Zhou, X. Gao, Y. He et al. "Crystal structure of rhodopsin bound to arrestin by femtosecond X-ray laser". Nature (2015). 4ZWJ.

C. E. Conrad, S. Basu, D. Janes, D. Wang et al. "A novel inert crystal delivery medium for serial femtosecond crystallography". IUCrJ 2 (2015) p421. 4Z8K.

M. Bublitz, K. Nass, N. D. Drachmann, A. J. Markvardsen et al. "Structural studies of P-type ATPase-ligand complexes using an X-ray free-electron laser". IlUCrJ 2 (2015) p409. 4XOU.

N. Coquelle, A. S. Brewser, U. Kapp, A. Shilova et al. "Raster-scanning serial protein crystallography using micro- and nano-focused synchrotron beams". Acta Cryst. D71 (2015) p1184. 4WG1, 4WG7, 4WL6 and 4WL?7.
H. Zhang, H. Unal, C. Gati, G. W. Han et al. "Structure of the angiotensin receptor revealed by serial femtosecond crystallography". Cell (2015) p833. 4YAY.

S. Boutet, L. Foucar, T. R. M. Barends, S. Botha et al. "Characterization and use of the spent beam for serial operation of LCLS". Journal of Synchrotron Radiation 22 (2015) p634. 4ARW1 and 4RW2.

K. Tono, E. Nango, M. Sugahara, C. Song et al. “DAPHNIS: application to serial protein crystallography using an X-ray free-electron laser". Journal of Synchrotron Radiation 22 (2015) p532. 3WUN.

G. Fenalti, N. A. Zatsepin, C. Betti, P. Giguere et al. "Structural basis for bifunctional peptide recognition at human &-opioid receptor”. Nature Structural & Molecular Biology (2015) p265. 4RWD.

P. Nogly, D. James, D. Wang, T. A. White et al. "Lipidic cubic phase serial millisecond crystallography using synchrotron radiation”. IlUCrJ 2 (2015). 4X31..

2014

J. Tenboer, S. Basu, N. Zatsepin, K. Pande et al. "Time-resolved serial crystallography captures high-resolution intermediates of photoactive yellow protein”. Science 346 (2014) p1242. 4WL9 and 4WLA.

M. Sugahara, E. Mizohata, E. Nango, M. Suzuki et al. "Grease matrix as a versatile carrier of proteins for serial crystallography". Nature Methods (2014). 3WUL, 3WXT, 3WXU, 3WUM, 4W4Q, 3WXS and 3WXQ.
M. R. Sawaya, D. Cascio, M. Gingery, J. Rodriguez et al. "Protein crystal structure obtained at 2.9 A resolution from injecting bacterial cells into an X-ray free-electron laser beam". PNAS 111 (2014) p12769.
M. S. Hunter, B. Segelke, M. Messerschmidt, G. J. Williams et al. "Fixed-target protein serial microcrystallography with an x-ray free electron laser". Scientific Reports 4 (2014) 6026.

C. Kupitz, S. Basu, I. Grotjohann, R. Fromme et al. "Serial time-resolved crystallography of photosystem Il using a femtosecond X-ray laser". Nature (2014). 4PBU and 4Q54.

M. Caffrey, D. Li, N. Howe and S. T. A. Shah. "'Hit and run’ serial femtosecond crystallography of a membrane kinase in the lipid cubic phase”. Phil Trans. Roy. Soc. B 369 (2014) 20130621.

O. Yefanov, C. Gati, G. Bourenkoy, R. A. Kirian et al. "Mapping the continuous reciprocal space intensity distribution of X-ray serial crystallography”. Phil. Trans. Roy. Soc. B 369 (2014) 20130333.

F. Stellato, D. Oberthir, M. Liang, R. Bean et al. "Room-temperature macromolecular serial crystallography using synchrotron radiation”. IlUCrJ 1 (2014). 4034.

K. Qu, L. Zhou and Y.-H. Dong. "An improved integration method in serial femtosecond crystallography". Acta Cryst. D70 (2014) p1202.

M. Frank, D. B. Carlson, M. S. Hunter, G. J. Williams et al. "Femtosecond X-ray diffraction from two-dimensional protein crystals". IUCrJ 1 (2014) p95.

C. Gati, G. Bourenkov, M. Klinge, D. Rehders et al. "Serial crystallography on in vivo grown microcrystals using synchrotron radiation". [lUCrJ 1 (2014) p87. 4N4Z.

U. Weierstall, D. James, C. Wang, T. A. White et al. "Lipidic cubic phase injector facilitates membrane protein serial femtosecond crystallography". Nature Communications 5:3309 (2014). 409R.

C. Song, K. Tono, J. Park, T. Ebisu et al. "Multiple application X-ray imaging chamber for single-shot diffraction experiments with femtosecond X-ray laser pulses". J. Appl. Cryst. 47 (2014) p18.

2013

W. Liu, D. Wacker, C. Gati, G. W. Han et al. "Serial Femtosecond Crystallography of G Protein-Coupled Receptors". Science 342 (2013) p1522. 4NC3 and CXIDB ID 21.
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