
Eadweard Muybridge, Sacramento, California 

Challenge in 1878:  
Structure and dynamics of a horse in motion  

Are all four of a horse’s hooves off the ground at the same time ? 





Eadweard Muybridge, The Horse in Motion 



Ribosome: Harms, …. & Yonath (2001) Cell 107, 679 

Today’s Challenge: Structure and dynamics of single biomolecules 





Length'scales'in'biology'

adapted from Wikipedia.org 

Structural Biology (1 – 100 nm):  

The study of the structure and dynamics of biological macromolecules (proteins, DNA, …)  
and their mutual interactions to understand their function in a biological cell  



Protein'structures'can'be'determined'at'atomic'resolu5on'by:'

Electron microscopy 

NMR 

X-ray  
crystallography 

courtesy by J.-P. Colletier 

90% of the  
100 000 structures 
in the Protein Data Bank 



X-ray  
source!

100 µm 

10 keV  
1 Å 

+ phase info 

Cryo (100 K)!

conventional macromolecular X-ray crystallography 

Collect 100 diffraction images 
on a single crystal 
in a few minutes 



X-ray  
source!

100 µm 

10 keV  
1 Å 

+ phase info 

Cryo (100 K)!

… conventional X-ray crystallography 

Protein crystal:  
1015 molecules 

-  provides average structure 





refined'model:'average'structure'

Courtesy James Holton 



X-ray  
source!

100 µm 

10 keV  
1 Å 

+ phase info 

Cryo (100 K)!

… conventional X-ray crystallography 

Protein crystal:  
1015 molecules 

-  provides average structure 

-  needs (large) crystals: problematic for complexes, membrane proteins 

-  structure determined at non-physiological temperature (100 K) 

-  chemical and structural X-ray radiation damage 

-  time-resolved crystallography limited to 100 ps resolution 



Would be great to obtain atomic resolution structures  

from single molecules - no crystals needed   

Coherent diffraction imaging (CDI) on single molecules 

using ultra-short intense X-ray pulses   



Single biomolecule hit by intense X-ray pulse  

1)  X-ray photons ionize atoms 
2)  Photoelectrons leave biomolecule 
3)  Protein gets more and more positively charged 
4)  Coulomb explosion after about 50 fs 



Diffraction-before-Destruction Imaging 
Idea: Neutze et al. (2000) Nature 406, 7524 

time 

50 fs 
intense X-ray pulse 

Collect data before the sample has time to respond (explode) 



Diffraction-before-Distruction Imaging 
needs  

enormeous X-ray flux (brilliance) 

XFEL have 1010 times more peak brilliance than ESRF 

Solution: 

X-ray Free Electron Lasers 



Idea of FEL: J. M. J. Madey (1971) J.Appl. Phys.42, 19061"

Free Electron Laser 

Long undulator 

electrons 

X-rays 

Simplified description of XFEL: Margaritondo & Rebernik (2011) JSR 18, 101  



SASE in long undulator (100 m) leads to micro-bunching of electron macro-bunches 

Micro-bunches are separated by a distance equal to one radiation wavelength: 

 Coherent wave is emitted with very high brilliance 

Self-Amplified Spontaneous Emission (SASE) 









Comparing synchrotron and XFEL 

Courtesy Giorgio Schiro 



X"ray&Free&Electron&Lasers& SACLA,'Japan'
(2011)'

LCLS,'Stanford'
(2010)'

Euro.'XFEL,'Hamburg'
(2017)'

SwissFEL,'Villigen'
(2017)'

+ PAL-XFEL (Korea, 2017 ?); Lund (2020 ?); 
Shanghai; UK? 



X-ray free-electron LASER 

X-rays: wavelength 0.1 – 100 Å 

Wikipedia 



X-ray free-electron LASER 

as opposed to electrons bound to an atom 



X-ray free-electron LASER 

Similar properties than optical Laser: 

 - high power  
 - narrow bandwidth (monochromatic) 
 - spatial coherence 



X-ray free-electron LASER 
= 

XFEL 

-  10 orders of magnitude higher peak brilliance than synchrotrons 

-  short pulses (5 – 100 fs) 

-  repetition rate:  30 - 120 Hz (LCLS, SACLA, SwissFEL) 
 27000 Hz (European XFEL) 

-  X-ray beam size : 100 nm – several microns 



Diffraction-before-Destruction Imaging 

50 fs 
intense X-ray pulse 

Neutze et al. (2000) Nature 406, 7524 

Promises&of&XFELs&for&Structural&Biology:'

M 'coherent'diffrac5on'imaging'of'single'par5cles''
' ' ' '(Review'Miao'et'al.'(2015)'Science'348,'530)'

M 'serial'femtosecond'crystallography'(SFX)'
' ' ' ' ' '(Review'Schlich5ng'(2015)'IUCrJ'2)'



Image: Gaffney & Chapman (2007) Science 316, 1444 

Diffraction pattern:  
continuous molecular transform; 
no Bragg spots 

Diffraction-before-Destruction Imaging 



Gaffney & Chapman (2007) Science 316, 1444 

Essential: Direct phase retrieval by 
the oversampling technique 
(Miao et al/ (2001) PNAS 98, 6641) 

107 single shots necessary 

Diffraction-before-Distruction Imaging: data processing 

Essential: Methods from single particle EM 



Seibert et al. (2011) Nature 470 

single XFEL pulse at RT: 7Å, 70 fs 

2D projection at 320 Å resolution 

3D reconstruction: Ekeberg et al. (2015) PRL 114, 098102 



X-ray, neutron 
crystallography,  

NMR, MD, QM/MM 

cryo  
electron  

tomography 

1 Å 3 Å 5 nm 20 nm 200 nm 

Integrative structural biology in space and time!

correlative microscopy 

single-particle 
cryo EM 

super-resolution 
fluorescence microscopy 
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Coherent diffraction imaging on single molecules 

using ultra-short intense XFEL pulses … 

… limited today to molecules 1µm – 100 nm 
(too small: hemoglobin: 5 nm; ribosome 25 nm) 

< 100 nm:  not enough X-ray flux 

> 1µm :  saturation of detector at low angle 

Still science fiction: structure of single proteins (-complexes), 

but OK for viruses (> 100 nm) at low resolution 



Serial femtosecond crystallography (SFX) 

using XFELs 

shows great promise 

But : 



10 m/s 

Image courtesy: James Holton 

''''''''''Serial'femtosecond'crystallography'at'XFELs'

-  100 000 – 1 000 000 images 
-  room temperature 
-  Monte Carlo integration 



Does diffraction-before-destruction work in 

serial femtosecond crystallography (SFX) at XFELs ? 

Question : 



Does diffraction-before-destruction work in 

serial femtosecond crystallography (SFX) at XFELs ? 

Question : 



X-ray radiation damage to crystalline proteins 

produced by intense synchrotron radiation 

Courtesy James Holton 



X-ray radiation damage (synchrotron) 



Primary damage 

protein!

solvent!

Secondary damage 

Primary and secondary damage  



Secondary radicals produce specific radiation damage 

Disulfide bond cleavage Decarboxylation Metal center reduction … 

in PDB: many protein structures  
with reduced redox centers  

Active site damage 

… within seconds,  

before full data set is collected 

Dose (Garman) limit in synchrotron-based 
protein crystallography at 100 K : 30 MGy  

Owen et al. (2006) PNAS 103, 4912 



Does diffraction-before-destruction work in 

serial femtosecond crystallography (SFX) at XFELs ? 

Question : 



Serial'femtosecond'crystallography'(SFX)'using'XFELs'

Six'hallmark'papers'

Boutet'et'al.'(2012)'Science'337,'362'
HighMresolu5on'protein'structure'determina5on'by'serial'femtosecond'crystallography'

Chapman'et'al.'(2011)'Nature'470,'73'
Femtosecond'XMray'protein'nanocrystallography'

Redecke'et'al.'(2013)'Science'339,'227'
Na5vely'inhibited'trypanosoma'brucei'cathepsin'B'structure'determined'by'using'an'XMray'laser'

Barends'et'al.'(2014)'Nature'505,'244'
De'novo'protein'crystal'structure'determina5on'from'XMray'freeMelectron'laser'data''

Kern'et'al.'(2013)'Science'340,'491'
Simultaneous'femtosecond'XMray'spectroscopy'and'diffrac5on'of'photosystem'II'at'room'temperature'

Tenboer'et'al.'(2014)'Science 346: 1242'
TimeMresolved'serial'crystallography'captures'highMresolu5on'intermediates'of'photoac5ve'yellow'protein''



M  nanocrystals'(200'nm'M'1'µm)'of'photosystem'I'(membrane'protein)'

M  XFEL'pulse'at'room'temperature:'7Å,'70'fs'

M  1.85'million'XFEL'shots'>'112725'hits'(6%)'>'15445'indexed'images'(14%)'

M  no'global'radia5on'damage''
'acer'single'70'fs'shot'at'670'MGy'/'pulse'(20x'Garman'limit'–'30'MGy)'

M  molecular'replacement:'maps'at'8'Å'

Chapman'et'al.'(2011)'Nature'470,'73'

Novelty:'

First'XFEL'SFX'ever'

Diffrac5onMbeforeMdestruc5on'works'



Electron'density'of'PSI'at'8Å'

Rcryst'='0.25'

Rfree'='0.23'

Chapman'et'al.'(2011)'Nature'470,'73'



Boutet'et'al.'(2012)'Science'337,'362'

M  microcrystals'(1'µm)'of'HEWL'

M  XFEL'pulse'at'room'temperature:'1.3'Å,'40'fs,'33'MGy'/'pulse'

M  1.5'million'XFEL'shots'>'4.5%'hit'rate'>'18%'indexing'rate'(12500'images)'

M  molecular'replacement:'maps'at'1.9'Å'
Novelty:'

First'highMresolu5on'SFX'



Fobs'(XFEL,'33'MGy)'M''Fobs'(synchrotron,'24'kGy)'

Boutet'et'al.'(2012)'Science'337,'362'

''''''''''No'specific'structural'radia5on'damage'



Kern'et'al.'(2013)'Science'340,'491'

Metal'center'(here'Mn4CaO5'cluster'of'PS'II)'
' 'retains'intact'electronic'structure'in'XFEL'SFX'

Novelty:'

Combining'SFX'and'spectroscopy:''
no'electronic'radia5on'damage'



Barends'et'al.'(2014)'Nature'505,'244'

Novelty:'

First'de#novo'phasing'
of'XFEL'SFX'data'

M  microcrystals'(1'µm)'of'HEWL'

M  HEWL'in'complex'with'lanthanide'compound'(Girard'et'al.'(2002)'Acta'D58,'1)'

M  2.5'million'XFEL'shots'>'8'%'hit'rate'>'31%'indexing'rate'(60000'images)'

M  SAD'phasing:'maps'at'2.1'Å'



XFEL 

X 

Pump laser 

Image courtesy: James Holton 

Pump-and-probe SFX 
Aquila'et#al#(2012)'Op5cs'Express'20,'2706'

Tenboer'et'al.'(2014)'Science'346,'1242'

Novelty:'

First'5meMresolved'SFX'
(limited'to'nanoseconds)'



TimeMresolved'pump'–'probe'crystallography:''
synchroniza5on'needed'

Courtesy James Holton 



Time-resolved crystallography: pump-probe 

Petsko & Ringe (2000) COSB 4, 89 
Bourgeois & Weik (2009) Cryst. Rev. 15, 87 
Westenhoff, …, Neutze (2010) Acta Cryst. A66, 207 

Aim:  visualize structural changes in crystalline proteins  
      (e.g. enzymatic intermediate states) 

 Triggering (pump): - UV-vis light illumination 
      (inherent light sensitivity or caged compounds) 
          - diffusion of small molecules 
         - pH jump 
          - X-irradiation 
          - THz irradiation 
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Future':'
Femtosecond'movies''
of'proteins'at'work'

Note:'
TimeMresolu5on'at'synchrotrons'
limited'to'100'ps'



Challenges&:'
M''genera5on'and'detec5on'of'protein'microcrystals'

M ''microcrystal'injec5on'

M 'protein'sample'consump5on'

M 'data'processing'(CrystFEL,'cctbx.xfel):'Monte'Carlo'integra5on,'no'es5mate'of'par5ality,'requires'lots'of'images'

M 'phasing'(only'SAD'with'lanthanides'worked'so'far'–'why'?)'

M 'specific'radia5on'damage's5ll'occurs'(anenuate'XFEL'beam)'

M '5meMresolved'experiments'faster'than'1'ns'

M 'BEAM'TIME'(only'one'beamline'at'LCLS'and'SACLA,'cost:'400'kUSD'per'12h)'

XFEL&SFX&–&progress&so&far:'
M 'SFX'works'M'high'resolu5on'protein'structures'can'be'obtained'

M 'micronMsized'protein'crystals'can'be'used'(macrocrystals'are'ocen'very'difficult'to'obtain)'

M 'data'collec5on'at'physiological'(room)'temperatures'(100'K'in'most'synchrotron'experiments)'

M 'de'novo'phasing'is'possible'

M 'radia5onMdamage'free'protein'structures'can'be'determined'

M 'proofMofMprinciple'for'5meMresolved'SFX'

Review:'
Schlich5ng.'(2015)'IUCrJ#2'



XFEL SFX does not replace, but complements synchrotron crystallography 

SACLA 

Spring-8 



Slow'extrusion'injector'at'SLS'

Botha'et'al.'(2015)'ActaD71,'387'

Serial'synchrotron'crystallography'

Solid'support'at'ESRF'

Coquelle'et'al.'(2015)'ActaD71,'1184'

Ga5'et#al.#(2014)'IUCrJ'1,'78'

Stellato'et#al.#(2014)'IUCrJ'1,'204'

Heyman'et#al.#(2014)'IUCrJ'1,'349'

Nogly'et#al.#(2015)'IUCrJ'2'

Botha'et'al.'(2015)'ActaD71,'387'

Coquelle'et'al.'(2015)'ActaD71,'1184'



•'Microcrystals'of'fragile'proteins'(membrane'proteins,'protein'complexes,'…)'

•'in#vivo#crystallography'

•'Room'temperature'crystallography'(preserves'conforma5onal'heterogeneity)'

•'DamageMfree'structures'of'radia5on'sensi5ve'proteins''
' ' ' ' ' ' ' '(metalloproteins,'chromophoreMcontaining'proteins,'…)'

•'TimeMresolved'experiments'on'psMfs'5me'sales'

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'



•'Microcrystals'of'fragile'proteins'
•'in#vivo#crystallography'
•'Room'temperature'crystallography'
•'DamageMfree'structures'
•'TimeMresolved'experiments'

Structure'of'GPCR'(5MHT2B)'

solved'from'macrocrystals&by'
synchrotron&crystallography''

Microcrystals&of'GPCR''
(5MHT2B)'too'small'for'
synchrotron'crystallography' 6 years 

(V. Cherezov) 

Wacker'et'al.'(2013)'Science'340,'615'

G protein coupled receptors (GPCR) are targeted by  30% of known drugs 

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'

Liu'et'al.'(2013)'Science'342,'1521'

Structure'solved'by'XFEL&SFX&



Sawaya'et'al.'(2014)'PNAS'111,'12771'

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'

•'Microcrystals'of'fragile'proteins'
•'in#vivo#crystallography'
•'Room'temperature'crystallography'
•'DamageMfree'structures'
•'TimeMresolved'experiments'

Naturally occurring nanocrystals of the cry3A toxin from bacillus thuringiensis  



Fraser'et'al.'(2011)'PNAS'108,'16247'

Room temperature crystallography preserves physiological conformational heterogeneity 

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'

100'K' Room'T'

•'Microcrystals'of'fragile'proteins'
•'in#vivo#crystallography'
•'Room'temperature'crystallography'
•'DamageMfree'structures'
•'TimeMresolved'experiments'



•'Microcrystals'of'fragile'proteins'
•'in#vivo#crystallography'
•'Room'temperature'crystallography'
•'DamageMfree'structures'
•'TimeMresolved'experiments'

Kern'et'al.'(2013)'Science'340,'491'

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'

Mn4CaO5 cluster of crystalline photosystem II retains intact electronic structure 

•'150'MGy'/'xtal''
'(5x'Garman'limit'in'synchrotron'MX'at'100'K)'

•'short'XFEL'pulse'even'outruns'electronic'damage'

•'good'news'for'radia5on'sensi5ve'proteins'
(metalloproteins,'chromophore'containing,'…)'''

See'also' 'Hirata'et#al.#(2014)'Nat'Methods'11,'734'
' 'Suga'et#al.#(2015)'Nature'517,'99'



•'Microcrystals'of'fragile'proteins'
•'in#vivo#crystallography'
•'Room'temperature'crystallography'
•'DamageMfree'structures'
•'TimeMresolved'experiments'

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'

French project:  Femtosecond movies of reversibly photoswitchable fluorescent proteins 

488 nm 

405 nm 

Hell,'Nature'2011'

OFF�ON�
Emission'

Excita5on'

Goal:'Understand'photoswitching'mecanism'to'op5mize'fluorescent'proteins'
for'superMresolu5on'microscopy'

Photoswitchable'fluorescent'proteins:'
Markers'in'superMresolu5on'microscopy'



Tracking'ultrafast'protein'structural'dynamics'with'5meMresolved'WAXS'

Combining X-ray and optical lasers at LCLS/XPP 

Protein motions on the ps time scale 

Myoglobin response (volume) after a photoexcitation 

Levantino, Schirò, …, Cammarata (2015) Nature Communications 6, 6772 



•'Microcrystals'of'fragile'proteins'(membrane'proteins,'protein'complexes,'…)'

•'in#vivo#crystallography'

•'Room'temperature'crystallography'(preserves'conforma5onal'heterogeneity)'

•'DamageMfree'structures'of'radia5on'sensi5ve'proteins''
' ' ' ' ' ' ' '(metalloproteins,'chromophoreMcontaining'proteins,'…)'

•'TimeMresolved'experiments'on'psMfs'5me'sales'

Five'applica5ons'of'XFEL'SFX''
that'can’t'(easily)'be'done'at'a'synchrotron'



Summary 

•'singleMprotein'CDI'does'not'work'(yet'?)'

•'SFX'works'and'provides'highMresolu5on'protein'structures'

•'5'applica5ons: 'M'microcrystals'
' ' ' 'M'in#vivo#xtallo#
' ' ' 'M'room'temperature'
' ' ' 'M'damageMfree'structures'
' ' ' 'M'femtosecond'movies'

•'XFEL'SFX'and'synchrotron'crystallography'are'complementary'

•'French'structural'biology'needs'to'catch'the'accelera5ng'XFEL'train'


