XFEL crystallography:
Imaging Molecular Reactions

What? Ultimate goal: imaging real-time
molecular dynamics of biomolecules at the
atomic-scale.

How? Time-resolved serial crystallography using
pulsed X-ray Free-Electron Laser (XFEL) and
synchrotron sources.

When? XFEL crystallography is young (10 years).
First time-resolved SFX experiments ~ 5 years ago.

Within the next 5-10 years we aim to capture the
first atomic-scale molecular movies from single
biomolecules.
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Time-resolved

serial femtosecond crystallography
What? How?
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Time-resolved
serial femtosecond crystallography

XFELs exploit diffraction before destruction fs

Liquid Jet  microcrystals delivered
in serial manner (in
random orientations)
in diffract-and-destroy
regime

Interaction m
um focus §
um beam
One diffraction pattern Femtosecond
per crystal per X-ray pulse X-ray pulses

5fs 10fs 20fs 50 fs
Neutze et al. Potential for biomolecular imaging with fs X-ray
pulses. 2000. Nature 406, 752.

« XFEL pulses outrun radiation damage
« Reaction initiation is flexible, i.e.
broadly applicable
« Time resolution demonstrated:
« fs pump probe SFX (light
sensifive proteins)
* ms TO minUTeS for mix—ond—injec’r Fig: adapted from Chapman et al. 2011 Nature
experiments (most of biology) “Serial fs crystallography”
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» Protein structure - function
« Applications:
« understanding fundamental
processes like photosynthesis;
« Biomedically important proteins
« Structure-based drug design

(A) Structures in PDB (8) Unique structures in PDB
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Johansson et al. 2017. Trends in Biochem. Sci. 42(9).

photosynthesis

3PCQ
Photosystem | (the

first SFX experiment)
Chapman et al., Nature 2011

synchrotron

4034
Serial crystallography using

a synchrotron beamline
Stellato et al., lUCrJ 2014
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Serial femtosecond crystallography

applications
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LCLS
LCLS-II
LC LS' | | H E (high energy upgrade)

EuXFEL

Australian

Synchrotron

LCLS 2009
SACLA 2011

SwissFEL 2018

Source: Source: European XFEL

e LCLS
usS.

5 XFELs available in 2020

Facility Year of first experiments

X-ray pulses per d X-ray Peak brilliance
27,000 0.05 5x10733
120 0.15 2x10"33
60 0.06 1.3x10"33
60 0.08 1x10733
100 0.1 1x10"33
EuXFEL
. ® Germany
SwissFEL ®
Switzerland PAL-XFEL®® SACLA
South Korea'  Japan




LCLS: Linac Coherent Light Source, SLAC

Coherent
X-Ray Imaging
(@9

Animation courtesy of Sebastien Boutet, SLAC National Accel. Lab.



Data rates in serial crystallography

Large data demands are
due to shot-to-shot

XFEL crystal data
collection

Example of dataset size

One shot per crystal
Need to sample
reciprocal space fully
(all orientations of
crystals)

Not every XFEL pulse
hits a crystal

Not every crystal hit is
indexable

10-50 thousand
indexed patterns

needed per structure,

per fime point

fluctuations in

Crystal sizes

Crystal quality
Crystal isomorphism
X-ray pulse
bandwidth

X-ray pulse
spectrum

X-ray pulse intensity
Position of crystal in
the beam

Parfially recorded
reflections
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2 % hit rate

50 % indexing rate

25,000 frames per dataset

4 datasets (100K patterns)

Total: T0Eé patterns for 4 time points.

AT 3520 frames/s, this is 50 minutes data
collection at EUXFEL

Light/dark interleaving of data -
100 minutes at EUXFEL

100s of TBs per experiment



XFEL serial fs
crystallography
data analysis
pipeline

Fig: Zatsepin “Crystallography with X-ray free-electron lasers” in Protein
Crystallography: Challenges and Practical Solutions
Roy. Soc. Chem. 2018.
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Data collection

Raw diffraction data
Metadata: X-ray pulse

parameters, motor positions,

pump lasers trigger, mixing
jet flow rates etc

—

Time (minutes)

Online data monitoring
Runninghitrate,
resolution estimate,

# saturated peaks

Live indexingis possible
Critical for optimizing
beamtime

Output

p':'gz::’"':, Peak search,
ing to

:lfe‘f':: reciprocal space

Prediction and

Results integration of
stream reflections

~ Check peak
:::hm::'e "t';‘; ‘:n"e locations agree with
Pec indexing solution
A
X X X
Determination Determination Refinement of
of resolution limit of prediction orientation and
(optional cutoff) parameters cell parameters

Indexamajig (part of CrystFEL)

Data reduction
Detector calibration
Hit finding
Resolution estimates
Preliminary analysis and
data statistics

4

SFX indexing and
merging

1. High-throughput
indexing

2. Merging, scaling

Post refinement

4. SFXdata
validation

w



Data processing — highly

parallelizable

« 100’s thousands patterns need to be reprocessed multiple times for optimization of data
processing — basics done during beamtime, mostly done in months after beamtimes.

« This is highly parallelizable — ideal for batch processing on CPUs.

Detector shift

Unit cell distributions

a .- v - b
| S |t e
o il RS
e e i
wha (deg) Beta (0eg) ___Gemma (deg)
| | ik

Detector shift with time

-
<
=
2
Cc Run é
on{
03 <l
» @
oo g o
&
g s
2000 § :
8 . Indexed frame (~ time )
w0 i,c
o
- o4 [T T T Qo
00 aad | e . — N VY S X ,
° 2%000 20000 75000 100000 1235000 =1 ey 3 - 5 A o 1
Cument sart Order 1= X
d un ol -i_«v.x.; e
o8 1 »{ o = ~
000 . ok e Aok o
ael 20 N
b
w0 10 PN
1w ,7. .ﬁ‘ I
bad ] w
™ :
wo
200 50 - o

e Cell axis a vs position on chip
e [top] Poor humidity control
[bottom] fixed humidity control.

s

CC* from 20K mergqg patterns (each subset)

Diffraction resolution Jom
limit vs cell axis a =

e nasna - man
5. '. Small Cell, High Res 13.25 13.36 2.09 20,291

Phenix.refine with Rigid Body Monomers, high res =3.3 A
. ]

Small Cell, High Res High Res
R-Free = 0.2987 R-Free = 0.2883

Small Cell
R-Free = 0.3290

Stander, Fromme, Zatsepin. "DatView: a graphical user interface for visualizing and querying large data sets in serial

femtosecond crystallography.” 2019 IUCrJ 52.
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XFELs for structural biology

« XFEL use for structural biology includes serial crystallography (SFX), solution scattering
(uncrystallized) and single particle imaging (SPI)
« HPC needs differ: e.g. SPl needs larger data volumes and benefits more from GPUs than SFX

SINGLE-PARTICLE
DIFFRACTION MIXING JET INJECTOR

SINGLE-CRYSTAL
DIFFRACTION

SOLUTION SCATTERING

quwd Liquid H’et GDVN
(samp (sample)
3 pm
["| Nebulizer
‘( 00s of um ‘ l Sklmmer
aser '
Aerlzcg‘)gr;zmlc Focusing
gas
Reaction
(slow)

| oc MIN? | oc MN Vary reaction time

For M patterns and N molecules by sliding
oo tube (blue)

Fig: Spence XFELs for structure and
dynamics in biology. 2017 IUCrJ 4, 322.
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Data rates in serial crystallography

XFELs Synchrotron serial crystallography
* EUXFEL: 27,000 Hz (at rate of + EIGER detector: 133 Hz, 18 MP
4.5 MHz in bunches at 10 Hz) « EIGER2 XE: 400 - 550 Hz,
* Detectors. Up to 32 GB/s . up to 20 GB/s before
« AGIPD: 1 MP, up to compression
3520 frames/s .

Best lossless compression

* Large Pixel Detector: 1 MF, offers at best 10x reduction

512 frame memory depth.

(data dependent)
5110 frames/s. Up to
~10 GB/s per megapixel. . | |
.« DSSC: 1 MP, 8000  Time-resolved crystallography is also being developed at
frames/s. synchrotrons (for slower time points).

 Time-resolved serial crystallography at the Australian
synchrotron could be possible in a few years at MX3

* Other XFELs: 10to 120 Hz *\We need to plan now for data processing and storage
o LCLS-Il: 1 MHz planned...

Nadia Zatsepin (La Trobe University) — XFELs for structural biology — Big Science Workshop, 28 Aug 2020




LCLS

Policy by Folder

Space Quota

xtc None

usrdaqg None

hdf5 None

scratch None

results 4TB, 10K files
calib None

User home 20GB

Tape archive
Tape backup

Disk backup

Backup
Tape archive
Tape archive
Tape archive
None

Tape backup
Tape backup

Disk + tape

Lifetime
4 months
4 months
4 months
4 months
2 years

2 years

Indefinite
10 years
Indefinite

Indefinite

Comment

Raw data

Raw data from users' DAQ systems
Data translated to HDF5

Temporary data (lifetime not guaranteed)
Analysis results

Calibration data

User code

Raw data (xtc, hdf5, usrdaq)

User home, results and calib folder

Accessible under ~/.zfs/

For older experiments this folder is called res instead of results
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Serial crystallography data curation

Who should store the datae Usersg Faclilities?

Who should pay?
European XFEL

Data retention policy for the European XFEL

Storage class Quota Safety Lifetime Comment

dcache.raw None Tape Archive 6 months Raw data on commodity
disks

raw None None 2 months Very fast accessible raw
data, lifetime not guaranteed

usr 5TB Snapshots + Tape 24 months User data, results

Backup

proc None None 6 months Processed data (e.g.
calibrated)

scratch None None 6 months Temporary data (lifetime not
guaranteed)

dcache.cal None Tape Archive 10 years Calibration constants on
commodity disks

cal None Tape archive 6 months Very fast accessible
calibration data

user home 20GB Snapshots + Tape Lifetime of the Home folder for user account

Backup account

archive.raw None - Long-term “Long term” means 5 years
and XFEL will strive for 10
years

archive.cal None 10 years

“European XFEL GmbH will strive for 10 years (storage period)... The
precise period will depend on the type and volume of data
concerned and the economic consequences associated to long-
term data storage. Thus, the European XFEL GmbH reserves the right
to restrict the storage periods of data sets in consultation with the
respective communities of high data-rate instruments.
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AUSTRALIAN RESEARCH COUNCIL

2019 July

The ARC does not require full, detailed
data management plans (such as those
required by some funding agencies
internationally) and does not mandate
open access to data.

This might (should?) change
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Serial crystallography data curation

Who should store the datae Userse Facilities?

Who should pay?¢

National Science Foundation (USA)

NSF DATA SHARING POLICY
Investigators are expected to share with
other researchers, at no more than
incremental cost and within a reasonable
time, the pPrfimary data, samples, physical
collections and other supporting materials
created or gathered in the course of work
under NSF grants. Grantees are expected
to encourage and facilitate such sharing.
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Further considerations about serial
crystallography dato

Things to consider: FAIR data
Data storage long term

hat i ? i
What is FAIR DATA XFEL data sharing

------------------------------------------------------

Data sharing — fo maximise .-  § -.
impact of publicly funded § @ @ § . CXDB@
reseOrCh epositing oté Coharenc X-ray Imageg Ducs Bk

3 -» b To deposit a new dataset in DB please send an email to
. Data and supplementary materials have .. Metadata and data are understandable . cxidb@ex
.

xidl cidb.org with the subject ‘CIDB initial deposition’ and the
following content (example from ID 59):

] sufficiently rich metadata and a unique L § to humans and machines. Data is
and persistent identifier. b 3 deposited in a trusted repository.

Consider: MX3 users at Aust. 1 4 P s s i s
Synchrotron could apply for HPC : : .

resources alongside applying for

beamtime: forces a data : 4 ;
analys iIs and mana 8@ MeNnTt Plan  }  Metadatausea formal, accessible,  +1  Data and collections have a clear ol o complete s bfor theenry s made s

ion
heck the README file for more information about the dat

E shared, and broadly applicable language E E usage licenses and provide accurate Al deposited data and metadata are made avallable under the L0
O n d beST Use Of H P WO U | d 3 for knowledge representation. » information on provenance. 1 .
need collaboration with S INTERGRERABLE L LR { Maia, FRN.C. The Coherent X-
ANSTO... https://libereurope.eu/blog/2018/07/13/fairdataconsultation/ ray Imaging Data Bank. Nat.

Methods 9, 854-855 (2012).
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