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Classical macromolecular crystallography



Classical macromolecular crystallography

— Crystal rotates on
~1000 diffraction patterns oniometer ) . . . .
collected on detector g Figures adapted from Gisriel C, Fromme P, Martin-Garcia JM*. Methods Mol Biol. 2021

XDS/XDSGUI = Large, cryo-cooled crystals
@&
Phenix = Measured at synchrotrons

= Remote data collection
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Click here to go on a quick virtual tour of the European
XEEL!!!



https://www.xfel.eu/virtualtour/index_en.html
https://www.xfel.eu/virtualtour/index_en.html

Serial Femtosecond Crystallography (SFX)

Nano/microcrystals Microcrystals Hundreds of
Injected in serial Sheath gas Sheath gas thousands of
fashion and in random Images

orientations

A diffraction pattern

collected per crystal
and X-ray pulse
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Figure adapted from Fromme P, Graves W, Martin-Garcia JM*. eLS 2020



XFELs and instruments available for
serial MX experiments

Current beam parameters

XFEL machine Beamline Y Pulses/second s Shipulse m Detector / Frame rate Sample delivery Sample environment
ePix10K-2.1M / 120 Hz 90—-278 K
. SF-ROX, MESH, GDVN Ambient pressure
— — . 12 . 11 _ ’ ’ ’
LCLS (USA) MFX 5=25 120 30-100 | 1-10%or1-10 3-200 FEYER A0 S0 (RE HVE, DoD, fixed targets Helium available, humidity
2000 (1 mil ) ePix100 (for XES) controlled
million soon
oxi 6 o5 00 | L L Jungfrau-4M /120 Hz MESH, GDVN, HVE, fixed | Vacuum (105 Torr)
CSPAD 2.3/ 120 Hz targets Ambient pressure
SF-ROX, fixed targets, 100K - RT
BL3 4-20 2-10 101t ~1 MPCCD / 60 Hz GDVN, HVE and DaD (in Helium at ambient pressure
SACLA (Japan), DAPHNIS chamber) P
2011 30 (60)
SF-ROX, GDVN, HVE and 100K - RT
— - 11 ~ ’ ’ ’
BL2 4-15 2-10 10 1 MPCCD /60 Hz DoD (in DAPHNIS chamber) | Helium at ambient pressure
Vacuum, 1-1076 mbar
i -4
EuXFEL (Germany), AGIPD 1M/ 4.5 MHz GDVN, aerosol injection xg)c(:ii,uiﬁlo mbar
— - .1012 = = i
2017 SPB/SFX 3-16 27000 5-300 1.5-10 lor~0.1 AGIPD.4M / 4.5 MHz (not Ir—|eV§£i:‘i|(>)<:]eﬁja::r(gleg |ril'tzl)ower Ambient pressure at low rep
yet available) P rate (second interaction
region)
} .1010 Rayonix MX225-HS / 60 Hz :
PAL-XFEL, South Korea, NCI-SEX 29_15 60 o5 3:10 (mono.) 5x5 y GDVN and HVE, fixed RT '
2017 or 1-1012 (pink) Jungfrau / 60 Hz targets He at ambient pressure
i - Jungfrau 4M / 100 Hz
SIMSEEL, SMIFEARMEL | o o 2-124 100 i 4.101 220 HVE, GDVN (user supplied) | X7

2019

Jungfrau 16M / 100 Hz

Helium at 5-104 - 800 mbar




SFX’s brought new challenges to MX:

1- Sample preparation
2- Sample delivery

3- Data collection and evaluation



SFX’s brought new challenges to MX:

1- Sample preparation



Sample requirements for serial crystallography

= Large sample volume (from 5-10 uL to 5 mL per experiment)*
= High crystal density (10° - 102 crystals/mL)

= Narrow size distribution
0 Data scaling issues
O Injector clogging issues

1 Ideal for time-resolved studies

* This depends on what kind of data are to be acquired and how (slides ahead).




Is vapor diffusion suitable?

Protein Concentration =

= Vapor diffusion does not require any specialist
hardware beyond that found iIn a normal
crystallography lab.

Amorphous

precipitate

Metastable
zone

= |tis extremely tedious => hundreds of plates

Under
saturation

Vapor diffusion

Precipitant Concentration -




Protein Concentration =

Is vapor diffusion suitable?

It"s not!!

Amorphous

precipitate

Metastable
zone

Under
saturation

Vapor diffusion

Precipitant Concentration -

Vapor diffusion does not require any specialist
hardware beyond that found iIn a normal
crystallography lab.

It is extremely tedious => hundreds of plates

Harvesting and pooling of drops from 24-well plates
can be detrimental to crystals which are sensitive to
handling.




Protein Concentration =

The batch with agitation method

Under

saturation

Amorphous

precipitate

Metastable
zone

Vapor diffusion

Batch (with or without seeds)

Precipitant Concentration -

Protein—>

\
N

0

= Best method for scaling up to larger  gjass viar—» Magnetic

" bar
Precipitant
T—=p

sample volumes (500 pyL — 5 mL)

» Protein and precipitant solutions
are quickly mixed/homogenized

Stir plate

0 2 m

27 Nendo

%

U

v



Protein Concentration =

Under
saturation

Metastable

Vapor diffusion

Batch (with or without seeds)

The batch with agitation method

» Best method for scaling up to larger
sample volumes (500 pyL — 5 mL)

» Protein and precipitant solutions
precipitate are quickly mixed/homogenized
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SFX’s brought new challenges to MX:

2- Sample delivery



An ideal sample delivery method MUST...

Produce minimal background scattering on detector
Replenish crystals quickly
Reduce sample consumption

Be reliable without human intervention for many hours



Type of sample delivery methods

Liquid injectors

©
2]
©

DePonte, et al., J. Phys. D Appl. Phys. 2008 Oberthuer D, et al., Sci Rep. 2017 Calvey GD, et al., Struct Dyn. 2016

= Capillary-in-capillary devices that use a high-pressure gas sheath from the outer capillary to focus the sample into a jet of
a few micrometres in diameter.

= They are rapid flow injectors that are ideal for TR experiments and ideal to be used at high-rep rate XFELs such as
EuXFEL and the upcoming LCLS-II.

= Drawbacks: due to the high flow rate at which they operate: 1) consume a lot of sample; 2) low hit rate; 3) high risk of
clogging.




Type of sample delivery methods

Pulsed injectors

Segmented droplet Acoustic droplet Piezoelectric droplet
generator ejection ejection

Drop-on-tape

Kim D, et al., Anal Chem. 2019 Roessler CG, et al., Structure. 2016 Mafune F, et al., Acta Cryst. D. 2016 Beyerlein KR, et al., IUCrJ. 2017

» They reduce sample consumption by encapsulating crystals into droplets and then synchronizing them
with the X-ray pulses.

» Droplets can be generated by applying electrical fields, acoustic fields and oil.

» They are suitable for TR experiments both at XFELs and synchrotrons.



Type of sample delivery methods

Electrospinning injector

Microfluidic electrokinetic sample holder (MESH)

Sierra RG, et al., Acta Crystallogr D Biol Crystallogr. 2012

= Low-flow injector that overcomes sample clogging and high sample consumption by applying a high-
voltage to the sample.

= |tis compatible with both liquid and viscous samples.



Type of sample delivery methods

Viscous-media injectors

High-viscosity injector (LCP injector)

Water " " ofion LCPreservoir
balls

Weierstall U., et al., Nature Communications. 2014

Reduces sample consumption and clogging issues by mixing crystals with a viscous matrix.

Originally developed to deliver MP samples in LCP to XFELs it is also suitable for soluble proteins for
which novel viscous matrices have been developed: agarose, PEG 8M, and grease among some others.

They are run at much slower flow rates, which makes it ideal for serial crystallography experiments at
synchrotrons.


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.nature.com/articles/ncomms4309&ei=D6tUVZ-tNMTjsAXPkYDwBQ&bvm=bv.93112503,d.aWw&psig=AFQjCNH_fWQQ8pOeRV5b-pbwOkuejRnmqA&ust=1431643888231586

Type of sample delivery methods

Fixed targets

Microfluidic devices

Mehrabi P, et al., J. synchr. radiat. 2020 Cohen AE, et al., PNAS. 2014 Mueller C, et al., Struct Dyn. 2015

= Crystals are deposited on a solid matrix.

» This is the method that consumes less sample.

= Suitable for TR experiments specially in pump-probe experiments
» |deal for determining the structures of proteins in steady state.

» Fixed targets can be also used to grown crystals in situ.

= This is the method of choice at synchrotrons.

= They can be used both at RT and in cryo-conditions.



Which sample delivery method is best?

= Sample characteristics (fluidity, crystal size/distribution)
= Sample volume/concentration

» Objectives of the experiment (structure of apo protein, complex, reaction mechanism....)

“mandatory”
PCS beamtimes are offered by all XFELs and strerghy-recemmended for assessing
crystal and injection quality.

Recommended: Kupitz C, Sierra RG. Preventing Bio-Bloopers and XFEL Follies: Best Practices from your Friendly Instrument Staff. Crystals. 2020



SFX’s brought new challenges to MX:

3- Data collection and evaluation



Classical rotation vs serial data collection

Janeth Smith Lab: https://www.youtube.com/watch?v=ux7IhFHX_ s8 Data set collected at BioCARS (APS) on Phycocyanin crystals




The partiality problem in X-ray crystallography

X-rays we use to measure our samples, are
not fully monochromatic.

Ewald sphere isn’t thin but has a certain
thickness.

In a real experiment only those reflection
nodes of the reciprocal space that cross the
Ewald sphere are recorded.

Only partial reflections are measured.
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The partiality problem in X-ray crystallography

X-rays we use to measure our samples, are 1/ A 1/\?\mm
not fully monochromatic. T
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How do we solve the partiality problem?

nodes of the reciprocar space that cross the
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By rotating a single crystal while collecting data

curve fully
integrated

- > 1,

rotation angle

intensity

e 4

Real space Reciprocal space

» Adiffraction pattern is recorded for each small angle increment A@, typically 0.1 - 1 degree.

» Each reciprocal lattice node will cross the Ewald sphere completely and its full diffraction intensity recorded
either in one rotation pattern or over several consecutive patterns



Data processing in classical rotation mode
XDS/XDSGUI

Indexing Integration, merging

————————————————-

Phenix
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Incident X-ray beam

Orientation matrices Fully integrated
Frames : g
of the crystals intensities

= A range of diffraction patterns (~1000 frames or even less) is available for each crystal, and each one usually
contains many diffraction spots.

» The rotational relationship between the patterns is known exactly.

» [ndexing is, typically, a trivial exercise in most instances.



By averaging tens of thousands of diffraction
patterns collected serially

Partially integrated intensities Fully integrated intensities

4 A
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Monte Carlo method

» In SFX experiments, the crystals essentially do not rotate during the exposure, so only a very small portion
of the reciprocal space is sampled, so that reflections from each diffraction pattern are generally only

partially recorded.

= To obtain the full intensities, we average the integrated intensities of a sufficiently large number of
measurements so that the entire reciprocal space is eventually sampled.



Other considerations for SFX data processing

Due to the stochastic nature of self-amplified spontaneous emission (SASE),
there are shot-to-shot variations in XFEL pulses (intensity, energy and
bandwidth).

Intensity (W)

Naresh Kujala N, et al. Rev Sci Instrum. 2020. https://doi.org/10.1063/5.0019935

Crystals size distribution => scaling issues R vt i) e

9270 9280 9290 9300 9310 9320 9330

Photon energy (eV)

Parameters such as crystal-to-detector distance, X-ray wavelength and
geometry of the X-ray detector are not known precisely. A well-diffracting
calibration sample such as lysozyme is required.

Some detectors used at XFELs consist of panels that can be moved relative
to each other.

The AGIPD detector at the EuXFEL


https://doi.org/10.1063/5.0019935

Data processing in SFX

U
~ Hit finding Indexing - Monte Carlo integration
h k I 1,0l
5 RS
L R h k| 1,ol
@ ..... . [ ] L] ., L]
L] . . .’ L]
D L] L] L] .’ L]
° [ ] [ ] [ ] .’ [ ]
® L] L] L] O, L]
@ [] . (] o’ .
@
I 393 e . . . - | R
Q : Orientation matrices  Partially integrated  Fully integrated
Frames Hits : o : e
P of the crystals intensities intensities
~100TB/experiment ~100GB/experiment

In SFX, not every diffraction pattern contains crystal diffraction (0.5%-10%). To reduce the disk space required
to store the data and to speed up the subsequent processing, the first step in the analysis is to sort out
images containing crystal diffraction by the, so called, hit finding step (“cleaning” step).

Due to the lack of crystal rotation, there may be relatively few diffraction spots to determine crystal orientation
=> many diffraction patterns may be unindexable, increasing the number of crystals needed to obtain
sufficient indexed diffraction patterns for Monte Carlo convergence.



Data analysis workflow SFX

Detector

on-line

—)

Raw XTC image files containing
X-ray pulse parameters, pump
laser signal, diagnostics, motor
positions, etc.

PDB

PROTEIN DATA BANK

off-line

/7
P (P4

Pheni@x _ 1.Indexing _
2.Integration on-line / off-line
Phasing, building, 3.Merging

4.Post refinement

8] CrystFEL

refinement, validation

OnDA Monitor (OM)

1.0nline monitoring
2.Live hit rate and resolution estimate
3.Live saturating pixel tracking

on-line

Cheetah

1.Hit finding (data reduction)
2.Background subtraction

3.Clean diffraction patterns and meta
data saved as HDF5 or CXI

4. Statistics and preliminary analysis



OnDA Monitor (OM) program for
real time data evaluation

= Fast online feedback during serial X-ray
diffraction and scattering experiments
through real-time monitors.

= The SFX monitor allows users to keep hit
rate and saturation rate under control.

= |t also uses the collected data to display a
constantly updating virtual powder pattern.

» The peakfinder algorithm from the Cheetah
program is used to detect potential Bragg
peaks.

https://www.ondamonitor.com/html/index.html

Graphical user interface for the OnDA crystallography monitor

OnDA Crystallography

L‘I\JJF"W'\l"r‘al'i

Mariani V., et al., J. Appl. Crystallogr. 2016


https://www.ondamonitor.com/html/index.html

Cheetah program for data reduction

# ' Cheetah GUI: /reg/data/ana04/cxi/cxin5016/scratch/jose/cheetah/qui = a X
. . . . File Cheetah Calibration CrystFEL Masks View Analysis Utilities Logs
1' Hlt flndlng: Data redUCtlon Refresh | Run Cheetah Ir:dexhits View hits yPowcier Peagkogram
= Detector corrections: identify and flag bad and T T T R WY A N TR
saturated pixels, dark and common mode T T T R E——
. . .. . 66 ASU-onsite Read Finished - ro066-A... 65857 9127 - 13.86
correction Of eaCh mOdUIe and |nd|V|dua| ga|n 67 ASU-onsite Read;, Finished r0067-A... 74879 12752 __17.03
. . 68 ASU-onsite Ready Finished ro068-A... 7170 r0004: Hit rate (5 sec avg)
corrections for each pixel 20 o—fsupnte Feadt B8 i 000 T E e
. 719 30F (161%%69&2?nts :’ g
. 3 .. 7389 o
= Search for Bragg peaks in every image using 1.1 1 " ed b :
the algorithm peakfinder8. Ty e £ -
: Lz o ‘;1 L
: e TN .. 2069 ,.w F- M
. L S 7 ‘.\ ‘0’
2. Data translation AR L= e | iR I T ok s Y
. . . E i I \ - - 59: Time (minutes) !
» XTC data is converted to a facility independent 5 | [ 750 ook Pesowtontimogam
format (HDF5 or CXI) |
400 | 3
. ; S : " o [ 3 gsoo— =
3. Data organization e G o g
. . g = 200 £ =
= Summarize statistics per run. o
Not an indexed image but a nice hit 0 L . m_m
Resolution (pixels)

https://www.desy.de/~barty/cheetah/Cheetah/Welcome.html Barty, A. et al. J Appl. Cryst. 2014



https://www.desy.de/~barty/cheetah/Cheetah/Welcome.html

CrystFEL: data processing for serial crystallography

CrystFEL version 0.10.2 released in February 2023

» Tools for indexing and integrating
diffraction patterns, scaling and
merging intensities

= Simulating patterns, calculating figures
of merit for the data and visualizing the
results.

» CrystFEL converts hkl files into mtz
files that can be fed into Phenix or
CCP4

= Tutorials and webinars available

https://www.desy.de/~twhite/crystfel/index.html

Information
- Home
* Download

[o] CrystFEL

About CrystFEL

b bl

CEEL (5%)

SCIENCE @

[ e

H Input
Diffraction Detector Beam
patterns geometry parameters
IS L S .
indezamagig |
Indexing without - Unit CEH‘
unit cell parameters ||| parameters
1
inderamagjig

Indexing

Prediction refinement

Prediction and integration of reflections

geoptimizer

Detector

' in a "snapshot" manner, such as when using the technigue of Serial Femtosecond Crystallography (SFX) with a free-
g diffraction patterns, scaling and merging intensities, simulating patterns, calculating figures of merit for the data and
ding importing data into CCP4 for further processing.

e for more references.

H. N. Chapman. "CrystFEL: a software suite for snapshot serial crystallography”. J. Appl. Cryst. 45 (2012), p335-

ebsite.

la-fixing release, but there are also some interesting new features. Read the release notes for details. See the download

'
i [nent of the first public release of CrystFEL on the CCP4bb archive.
'

1 e new CrystFEL GUI and updated recommendations about data processing.

geometry
refinement

|

Scaling

Post-refinement

partiolator

Merging reflection intensities

Output
hkl Unit cell
intensities parameters

ambigator

Resolve
indexing

:
i ambiguities

: [ixing release, but there are also some interesting new features. Read the release notes for details. See the download page

* pw graphical user interface! Here are the release notes with the main points. See the download page or the changes page

PUO-TiXikle View Tools Help

ltes with D D- /home/esra/Masaiistii/CrystFEL/mfxp17318_0018_5.cxi //0 (frame 1 of 913)
uide to E show results from: | Calculations within GUI v

ries and| Load data

Q

Peak detection
Index this frame
Indexall frames

Determine unit cell

Indexing ambiguity

A

Merge
5
0

Figures of merit

q

Export data

attern cannot be NULL

White, TA. et al. J Appl. Cryst. 2012


https://www.desy.de/~twhite/crystfel/index.html

Why microcrystals and serial data collection instead
of large crystals and rotation data acquisition?

Nanocrystals and microcrystals are gaining popularity within the structural biology community.

v" No need to optimize crystallization conditions, which used to be time-consuming
v No cryo-protectant needed

v' Determine room temperature free radiation damage crystal structures

[\/ Study protein dynamics of reaction mechanisms => molecular movies of proteins at work]




The vast majority of X-ray diffraction data at
synchrotrons are measured from samples
frozen at ~100K

Slightly warmer than the surface of Pluto (33-55 K)

Overall growth of structures deposited per year in the PDB

(November 1, 2022)

®  Total X-ray (169.916)

m Total NMR (13.830)

Total EM (10.218)
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Too cold to sustain life as we know it

160000

140000

120000

100000

80000

60000

40000

20000

0




Life.is dynamic, and function is not compatible with.cryogenic conditions... . "
R B ; Apendlng Challenge |n structural b|ology is to determlne tlme resolved " "-,

Ce g :j AR crystal structures at physrologlcal tempera‘[ure and pressure e

o .:4,.." a-' "”Aé«‘ T




Protein dynamics and time scales in biology

overall turribling > conformational changes

methyl
rotation > domain motions > enzyme catalysis

fast loop motions slow loop motions >

>
- bond
vibrations side-chain rotamers , ligand binding, allostery, folding/unfolding

|10'"5 | 107" 10" 10" | 10" 10™M 10"°| 10°  10® 107 | 10® 10° 10* | 10® 102 10" | 10° 10" 10° | 10° 10°
I ps ns Hs ms second | day

time (s)

Time scales span from femtoseconds for bond breaking/formation, or bond vibrations all the way to
milliseconds for most enzymatic reactions including allosteric regulation.



A complete understanding
of the function of proteins
requires of experiments able
to probe both structural and
dynamic properties!!!

Biological
Processes

Protein

Function



Traditional MX @ synchrotrons limits
dynamics studies

= Large-crystals

* Freeze-trapping technique misses dynamic motions and can perturb the protein energy landscape



Diffusion time limits the reaction initiation

The key event in a time-resolved experiment is the diffusion of the trigger of the reaction (ligand or
light) throughout the crystals, which must be much faster and homogenous than the reaction of

Interest.

Hypothetical 3D protein crystal TasLE 1: Diffusion times 7, for various crystal sizes from calculation,
(50% protein, 50% solvent) simulation, and experiment.
Crystal size T
[ 16 s (3)
Large | 400 x 400 x 1600 ym’ 245 [60]
crystals <1 min [59]
L 300 x 400 x 500 ym’ 95s
10 x 20 x 30 ym’ 15ms
3% 4 x5pum’ 1 ms
Small %2 x3um’ 150 us
crystals | (s 05x05um’ 17 pis
0.1 x 0.2 x 0.3 um’ 1.5 us
*With much smaller crystals mixing times might be slower than diffusion
times.

bS. oneidensis ccNIR crystals would have about 4000 unit cells.

Schmidt, M. Advances in Condensed Matter Physics, 2013




Time resolved serial crystallography enables
function and dynamics

= The use of micro- or submicron crystals along with the recently developed rapid
mixing strategies it is possible to diffuse small molecules through crystals a lot faster and
uniformly.



A complete understanding
of the function of proteins
requires of experiments able
to probe both structural and
dynamic properties!!!

Time resolved X-ray
crystallography provides
the greatest spatial and

temporal resolution
Biological P

Processes

Protein
Function

—low timescale dynami

tme (s) 107'° l 10™% | 10" | 10" I 1072 | 40" || 46:° | 10°  10° 107 | 10° | 10® | 10" | 10°  10% 10 I 10° 10" 10* | 10° 10* -
fs ps ns us ms second day
| | synchrotron-based, time-resolved Laue MX | _MX with freeze-trapping |>>>
| XFEL-based, tr-SFX, pump-probe &/or mnxnng strategles
synchrotron-based, serial tr- MX |>>>
structural | fluctuation X-ray scattenng_] | tr-solution X-ray scattering | | neutron scattering, diff. |
biology X-ray induced hydroxy-radical foot printing |
[ multidimensional NMR, distance constraints (e.g. 2D NOESY) [>>>
cryo-EM & time-resolved cryo-EM
[ MeV serial e- diffraction cryo e- diffraction




TR-SFX to decipher the
mechanism of a biological pump

\ Retinal Isomerization

"l
bR Lys216
7 570 nm "
O 5ms 200 fs I -
640 nm 460 nm retina \) aspa12
=
, 5ms 500 fS\ ‘ @ Watd02
N J \J Asp82
560 nm 625 nm
‘ >ms 3 ps l
M all-trans retinal ---------==--------c-cccmcoo oo 13-cis retinal
2 K M &
410 nm 590 nm h &
\35 0 us 1 IJV ground state  49-406fs 457 -646fs 10ps
ol Nogly et al. Science 2018
M ws L ond XFEL exp. (LCLS), At= fs-ps

Nango et al. Science 2016
1st XFEL exp. (SACLA), At= ns-ms

Captured early events of
Captured the primary retinal trans/cis isomerization

Proton Released
proton transfer events




Weinert et al. Science. 2019
SMX exp. (SLS), At= ms

The synergy XFEL-Synchrotron to
“Film” the first Molecular movie of bR

Captured the latest events

Nango et al. Science 2016
1st XFEL exp. (SACLA), At= ns-ms

Captured the primary
proton transfer events

\ e Proton Uptake \ Retinal Isomerization Y
o b R Lys216
# 570 nm "
O 5ms 200fs | .
640 nm 460 nm rhinai \) asp212
! &=
, 5ms 500 fs\ ‘ gpiianoz
N J \J Asp82
560 nm 625 nm
1 5ms 3 psl
M all-trans retinal -============----cccommmooo oo 13-cis retinal
410 nm 590 nm J\V
\3 50 s : “V ground state  49-406fs 457 -646fs 10ps
o Nogly et al. Science 2018
M s L 2nd XFEL exp. (LCLS), At= fs-ps

Captured early events of
retinal trans/cis isomerization

Proton Released




Watching the inactivation of an
antibiotic in real time

o o Kupitz C, et al. Structural
o Ji s s g AL Dynamics 2016

Olmos JL, et al. BMC
Biology 2018

Suraj P, et al. IUCrJ 2021

o free enzyme enzyme-substrate complex  acyl-intermediate steady state



New insight into the redox mechanism
of NQO1 by SFX s

Crystal Mleng
Suspensio for

. Substrate "\ TR-SFX ‘\QDVN

J Solution

;. Reductive half-reaction ol — ® & —_ =
: Droplets to reduce ’/ / X-ray
sample waste He Beam

OMIT maps Q 128 )
Quinone Phe232 i

u‘ )._

" 1_Droplet
' Generator

Droplet

‘ Detector
Nozzle~{'

Doppler D, et al., Lab on a Chip. 2023 (in review)

Grieco A, et al. Manuscript in preparation More beamtime at EUXFEL in Sept 2023
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