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1: X-ray macromolecular crystallography in an equation-free nutshell 

2: Conventional micro-crystallography at synchrotron-radiation (SR) sources 

3: Serial micro-crystallography (XFELs and SR sources) 

4: Serial nano-crystallography (XFEL sources) 

5: Coherent X-ray diffraction and direct phasing of structural information 

Outline :  

   



Why resorting to the use of X-rays ?!

Because their wavelength commensurates with atomic dimensions  



Données cristallographiques Size of biological objects studied in structural biology!
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Perfect !! 

To “see” an object, we need a light  

whose wavelength commensurates 

with the size of the object!



Too large, completely useless !!!! 

To “see” an object, we need a light  

whose wavelength commensurates 

with the size of the object!



Too small, counter-productive !!! 

To “see” an object, we need a light  

whose wavelength commensurates 

with the size of the object!



Perfect !! 

Too  
large !! 

Too 
small !! 

To “see” an object, we need a light whose wavelength commensurates 

with the size of the object!



X-rays are very well suited to probe biological materials at atomic resolution 

To “see” an object, we need a light whose wavelength commensurates 

with the size of the object!



Rotating anode 
• λ = 1.54 Å 
• brillance: 1010 photons/(sec.mrad2.mm2.0.1%BW) 

Synchrotron  
• λ = 0.5-2.5 Å (as far as we are concerned…) 
• brillance: 1023 photons/(sec.mrad2.mm2.0.1%BW) 

X-ray free eletron lasers (XFELs) 
• λ = 0.5-2.5 Å (as far as we are concerned…) 
• brillance: 1033 photons/(sec.mrad2.mm2.0.1%BW) 

X-ray wavelength and sources generally used in crystallography!



Données cristallographiques 

• Light is an electromagnetic wave: it has an intensity and a phase. 

• Refocusing by a lens allows preserving both the intensity and the phase. 

• Waves from the incident light can display different phases: phase difference is angular : 

     θ = 0 : waves are in phase 

     θ = π : waves have opposed phases (180°) 

     θ = π/2: waves are in phase quadrature (90°) 

• A point from the object scatters incident 
light. 

• Emitted light is intercepted by a lens, 
which re-focuses it as a point on the 
detector, hence providing an optical image. 

General principle of lens-based imaging !



Données cristallographiques 

capsid. Although this experiment was conducted at a
synchrotron radiation source, the fixed target scheme of
single particle CDI can be directly transferred to X-FELs.

The other scheme is to directly inject single particles into
an X-FEL beam with an aerodynamic lens stack.
Figure 4(a) shows a schematic layout of aerosolized
particles injected into the X-FEL beam in random orien-
tations [83]. The injected particles are intercepted by X-
FEL pulses and the diffraction patterns are measured by a
set of detectors. Figure 4(b–f) shows coherent X-ray dif-
fraction patterns of a large aggregate, a water droplet, single
T4 phage particles, a nanorice grain and two nanograins,
measured with the LCLS pulses [83]. For virus particles
smaller than 200–300 nm in diameter, it has been observed

that the size distribution of the particles estimated from the
recorded diffraction patterns is larger than the actual
particle size. This size increase is likely caused by aggrega-
tion of protein fragments, salts or a residual shell of
ammonium acetate buffer around the virus particles. For
larger virus particles such as mimiviruses, this effect has not
been observed [84!!], presumably because they have a
similar size as the initial aerosol droplets. Figure 4(h–j)
shows three representative coherent X-ray diffraction pat-
terns measured from single mimivirus particles using
LCLS pulses [85]. The LCLS pulses with photon energy
of 1.2 keV and 8 " 1011 photons per pulse were focused to
a spot of #3 mm in diameter. The diffraction patterns
exhibit symmetries reflecting the pseudo-icosahedral
shape of the mimiviruses (Figure 4(h–j)). By using the
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Current Opinion in Structural Biology

(a) Schematic layout of aerosolized particles injected into the X-FEL beam in random orientations. The injected particles are intercepted by the X-FEL
pulses and the diffraction patterns are measured by a set of pnCCD detectors. Coherent X-ray diffraction patterns of a large aggregate (b) a water
droplet (c), single T4 phage particles (d, e), a nanorice grain (f), and two nanorice grains (g), measured with the LCLS pulses. (h–j) Three representative
coherent X-ray diffraction patterns measured from single mimivirus particles using LCLS pulses. The diffraction patterns were directly phased to obtain
images with a resolution of #32 nm (insets) [from Refs. [83,85]].

Current Opinion in Structural Biology 2012, 22:613–626 www.sciencedirect.com

- Emitted waves cannot be refocused : 

We therefore need to work in the reciprocal 
space. 

- In diffraction experiment, we only measure 
intensities and the phase information is lost: 

! Computation will be required to get it back 

! The mathematical operation that allows 
going from the real space to the reciprocal 
space is the Fourier transform 

There are no lens that can refocus X-rays better than 5-10 nm !



First things first : what is the reciprocal space ?!

Intuitive answer :             

 an inversion of the real space 

Educated answer :             

 the Fourier transform of the real space 

Answer in a crystallography exam :         

 the scattering space, as opposed to the sample space  



Why even bother about … the reciprocal space ?!

Intuitive answer :             

  because you have personal issues 

Educated answer :             

 because when it comes to small objects, it makes things easier   

               (e.g., when you try measuring the thickness of a hair) 

Answer in a crystallography exam :        

 because we don�t have X-rays lenses focusing below 10 nm,            

 and therefore cannot refocus X-ray scattering from biological samples 



Sample space 
Image space 

X-ray lens w/ resolution greater than 1 Å ??? 

Scattering space 

X-ray scattering from a molecule cannot be refocused!



Sample space Scattering space 

Phasing … 
  and then… 

X-ray scattering needs to be recorded in the reciprocal space !

Diffraction pattern:  
continuous molecular transform; 
no Bragg spots 



Sample space Scattering space 

FFT 

Image space 

X-ray scattering is about probing the structure without a lens 

Diffraction pattern:  
continuous molecular transform; 
no Bragg spots 



Sample space Scattering space 

2θ 

Transformation of distance into angle 

Wavelength (λ) 

Diffraction Pattern :  contains all the contrast relevant  
information at the resolution of λ/2sin(θ)  

Scattering space Sample space 

X-ray scattering from a molecule!



X-ray/matter interaction is weak (1/10000 photons)  

We use crystals as a means to amplify the signal (2.1014 symmetry-related molecules) 

The Bragg law applies : constructive interferences only if 2*d*sin(θ) = λ                

Restrictions to the use of X-rays!

Schlichting & Miao, 2012, Curr Opin Struct Biol 

continuous molecular  
transform; no Bragg spots 

Bragg spots and  
fringes between spots 

2 * 2 * 2 4 * 4 * 4 8 * 8 * 8 1 



Constructive interferences only if :  
2*d*sin(θ) = λ                
d/2 =sin(θ)/λ 

-  distance vs. angle “reciprocal” relation 
-  fundamental unit is not θ, but sin(θ)/λ 

•  The crystal isn�t perfect but displays intrinsic mosaicity :  

The quality of the diffraction data depends on the crystal 

Bragg’s law 

2θ 
Wavelength (λ) 

d 

radius : 1/λ  

radius : 1/dmin  

|Q| = 4π sin(θ) /λ 

Sample space 

X-ray scattering from a crystal!



Cryo (100 K) 

X-ray source 
(e.g. ESRF, Soleil, Petra-3,…) 

Crystal of your favorite 
protein 

X-ray protein crystallography 



A typical diffraction pattern  

•  The crystal is characterized by symmetry-operators : 

The protein molecules are “symmetry-related” within the 
crystal (real-space) 

•  This symmetry also applies in the reciprocal space : 

Equivalent diffraction spots must be merged 

•  We can then attribute indices to the spots : 

H, K, L 



•  The intensity of a diffraction spot is proportional to the square of its amplitude : I α F2  

•  F is a structure factor - it has h, k, l  indices in the reciprocal space : Fhkl  

•  Fhkl is a complex number of the reciprocal space 

  Its “Fourier transform” is the density at point x, y, z  in the real space : ρxyz  

ρx,y,z = 1/V . ΣΣΣ|Fhkl| . exp [iφhkl  - 2πi.(hx + ky + lz)]    



Amplitude = Brightness/Saturation 

Phase = Hue/Color 

http://www.ysbl.york.ac.uk/~cowtan/fourier/ 



http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

What is the Fourier transform of an atom or a protein ? 



http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

What is the Fourier transform of an atom or protein crystal ? 



http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

Why do we need high resolution data ? 

Fourier Transform 

Reverse  
Fourier Transform 



http://ucxray.berkeley.edu/~jamesh/movies/ 

Why do we need high resolution data ? 



Why don�t we always get high resolution data ? 

•  The crystal isn�t perfect but displays intrinsic mosaicity :  

The quality of the diffraction data depends on the crystal 

Crystal of good quality Crystal of bad quality 



http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

Why do we need low resolution data ? 

Fourier Transform 

Reverse  
Fourier Transform 



Why do we need low resolution data ? 

http://ucxray.berkeley.edu/~jamesh/movies/ 



http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

Why do we need 100 % completeness ? 

Fourier Transform 

Reverse  
Fourier Transform 



Why do we need 100 % completeness ? 

http://ucxray.berkeley.edu/~jamesh/movies/ 



Amplitude = Brightness/Saturation 

Phase = Hue/Color 

http://www.ysbl.york.ac.uk/~cowtan/fourier/ 



Amplitude = Brightness/Saturation 

Phase = Hue/Color 

http://www.ysbl.york.ac.uk/~cowtan/fourier/ 

? 

We only measure amplitudes ; the phase information is lost !!! 



Why are phases so important ?  

(AD,ΦD) 

Fourier Transform 

(AC,ΦC) 

Fourier Transform 

(AD,ΦC) 

Reverse Fourier Transform 



(AD,ΦD) 

(AC,ΦC) 

Why are phases so important ?  

(AD,ΦC) 

Fourier Transform 

Fourier Transform 

Reverse Fourier Transform 



|F| Jerome Karl  

Φ Jerome Karl  
|F| Herb Hauptman 

Φ Herb Hauptman  

|F| Jerome Karl  

Φ Herb Hauptman 
|F| Herb Hauptman 

Φ Jerome Karl  



Why are phases so important ?  

m = cos(Δφ) 
Δφ = phase error (°) 



Perturb the structure and diffraction pattern : use of heavy atoms or anomalous scatterers 

Guess the phases : Molecular Replacement 

How can we solve the phase problem ? 



Measured data : only intensities 
(amplitude), no phase information. 

(Aobs) 

Something known to be similar.  

We can calculate phases and 
amplitudes via Fourier transform 

(Acalc,Φcalc) 

Reverse Fourier transform using 
measured intensities and phases 
from similar structure 

(Aobs,Φcalc) 

How is molecular replacement possible ? 



Measured data : only intensities 
(amplitude), no phase information. 

(Aobs) 

Something known to be similar.  

We can calculate phases and 
amplitudes via Fourier transform 

(Acalc,Φcalc) 

Reverse Fourier transform using 
measured intensities and phases 
from similar structure 

(Aobs,Φcalc) 

In practice, … 



Experimental 
data 

Initial model  
(approximative) 

Manual rebuilding 
(real space) 

Refinement  
(reciprocal space) 

Validation and 
structure analysis 

Coot 

Phenix Phenix 

Phaser XDS 

Structure determination flowchart 



To refine your structure in reciprocal space, you need a weighted function taking into account :   

•  the agreement with the X-ray experimental data  
  (the model which fits the data best) 

•  the likelihood of your model  
 (the accuracy of such a model)  

Structure refinement 

•  the geometry of your model (1,2) 
(covalent bonds and angles, van der Waals and electrostatic interactions, etc …) 

Bond length Bond angle 

Dihedral angle 
Chirality 

Planarity 

(1)  Atomic coordinates  (x, y, z) 

TLS restraints B factor 

(2) Atomic displacement parameters 



From the refined model, better phases, therefore a more reliable electron density map,  
allowing to build a better model :   

Structure refinement 

The best model is the one which has the highest probability  
given a set of observations and a certain prior knowledge. 



1: X-ray macromolecular crystallography in an equation-free nutshell 

2: Conventional micro-crystallography at synchrotron-radiation (SR) sources 

3: Serial micro-crystallography (XFELs and SR sources) 

4: Serial nano-crystallography (XFEL sources) 

5: Coherent X-ray diffraction and direct phasing of structural information 

Outline :  

   



Cryo (100 K) 

Source de rayons X 

Crystal of your favorite 
protein 

Conventional crystallography : use of oscillation for data collection 

   



When is it necessary to resort to micro/nano crystallography ? 



http://www.esrf.eu/UsersAndScience/Experiments/MX/About_our_beamlines/mesh_helical/Cartography2.png 

Heterogeneity in crystal quality 
Beam radius: 10 - 2.5 µm 
e.g. crystals of membrane proteins, ribosome, etc. 



10 µm 100 µm 

Small crystals 
Beam radius: 1 - 2.5 µm 
e.g. crystals of membrane proteins, ribosome, etc. 

Nasrallah et al., submitted 



100 nm 

Sup35-NNQQNY 
Sup35-GNNQQNY 

Nelson et al., 2005, Nature 

Micro- and nano-crystals 
Beam radius: 0.1- 2.5 µm   
e.g. crystals of membrane proteins, proteins complexes, amyloid proteins 



Micro/nano-beam & micro/nano-focused beams are not the same thing 



Micro-beam vs. micro-focused beam 

30 µm  
X-ray beam 

aperture 
1µm X-ray beam 

10 µm X-ray beam 

5 µm X-ray beam 

Suited for small crystals or for crystals displaying  
  heterogeneity in diffraction quality  

10 µm 



30 µm  
X-ray beam 

aperture 

< 1µm  
X-ray beam 

Suited for  
micro-crystals. 

(zone plate or 
refractive lenses) 

mirrors 

1 µm radius beam 
-  All incoming X-rays impinge crystals  
- Low background, high I/σI 
- Low radiation damage 

50 µm radius beam 
- Only a fraction of incoming X-rays  
   impinge crystals  
- High background, low I/σI 
- High radiation damage 

Micro-beam vs. micro-focused beam 



30 µm  
X-ray beam 

aperture 

< 1µm  
X-ray beam 

Suited for  
micro/nano 
-crystals. 

zone plate or 
refractive lenses 

mirrors 

1 µm radius beam 
-  All incoming X-rays impinge crystals  
- Low background, high I/σI 
- Low radiation damage 

50 µm radius beam 
- Only a fraction of incoming X-rays  
   impinge crystals  
- High background, low I/σI 
- High radiation damage 

Micro-beam vs. micro/nano-focused beam 



To collect oscillation data, crystals must be mounted & centered beforehand 



10,000 LGNY microcrystals could fit in this lysozyme crystal 

50 µm 

350 µm 
2*2*50 µm3, i.e. 
0.9x103 * 0.9x103 * 100x103 = 
8.1x1010 unit cells total 

Conventional size vs. microcrystals 

350*350*350 µm3, i.e.  
117x103 * 100x103 * 70x103  = 
~ 8.2x1014 unit cells 





loop 

50 µm 
5 µm 

µ-mesh 



 

 

1 µm beam 

KLIMY peptide needles 



loop 

50 µm 50 µm 







30x(….and repeat, and patience…...) 

…and NO caffeine… 







Sup35-NNQQNY 
Sup35-GNNQQNY 

Colletier, Laganowsky, Zhao, Soriaga, Landau, Goldschmidt, Cascio, Sawaya & Eisenberg (2011). PNAS, 108, 16938-16943 

Molecular basis for Aβ polymorphism 

Data (11 structures) collected at ESRF using :  
 - 1*1 µm2 X-ray beam of ID13EH2 
 - 5*5 µm2 X-ray beam of ID23EH3 

Nelson et al., 2005, Nature 
Sawaya et al., 2007, Nature 

100 nm 



Nasrallah, Lethier, Tran, Fenel, Song, Schoehn, Bolla, Vivaudou, Pagès, Weik, Winterhalter, Colletier (submitted) 

Sup35-NNQQNY 
Sup35-GNNQQNY 

100 nm 

Molecular basis for the self-association 
of Omp-Pst1 & Omp-Pst2 

Data (2 structures) collected at ESRF using :  
 - 5*5 µm2 X-ray beam of ID23EH3 



 - 1*1 µm2 X-ray beam of ID13EH2 
 - 5*5 µm2 X-ray beam of ID23EH3 



What if crystals are either too small or too fragile,  

and thence unamenable to mounting ? 

e.g. membrane proteins, amyloid proteins, protein complexes,  

The essential limitation to obtaining well-ordered, large crystals of such objects  
resides in the limited number of strong and specific contacts  
that can be established between them inside the crystal. 

Thus, they are fragile by nature.  

In addition, cryo-protection may tamper with crystal contacts, 
requiring that data be collected at room-temperature. 



What if crystals are either too small or too fragile,  

and thence unamenable to mounting ? 

e.g. naturally occurring nano-crystals (< 1µm) 

 1 – Cryo-protection is not an option 
 * issues w/ ice nanocrystallites 

   * issues w/ background scattering from cryo stream 

 2 – Oscillation data collection is not an option  
 * goniometer’s sphere of confusion (1-5 µm) >> larger than the crystal  
 * camera resolution ≤ the size of the crystal 
 * optical effects due to solvent & cryo stream 
 * loops & meshes >> than the samples; µ-capillary not adapted 

10 µm 2 µm 



1: X-ray macromolecular crystallography in an equation-free nutshell 

2: Conventional micro-crystallography at synchrotron-radiation (SR) sources 

3: Serial micro-crystallography (XFELs and SR sources) 

4: Serial nano-crystallography (XFEL sources) 

5: Coherent X-ray diffraction and direct phasing of structural information 

Outline :  

   



Seminal serial crystallography experiments performed at XFELs 

Boutet et al., 2012, Science 
Redecke et al., 2012, Science 
Chapman et al., 2011, Nature 

X-ray free eletron lasers (XFELs; here, SACLA) 
• λ = 0.5-2.5 Å (as far as we are concerned…) 
• brillance: 1033 photons/(sec.mrad2.mm2.0.1%BW) 

1010 times more brilliance  
than 3rd generation synchrotron 



Principle behind XFELs 

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

Long undulator 

electrons 

X-rays 



Self-Amplified Spontaneous Emission (SASE) due to continuous interaction of 

emitted X-rays with the electron bunch over the full undulator length 

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 



Diffraction before desctruction imaging 

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

Diffraction pattern:  
continuous molecular transform; 
no Bragg spots 

Essential: Spraying methodology  
- liquid He droplets  
  (Spence & Doak (2004) PRL 92, 198102) 

-  Electrospray TOF MS 
   (Tito et al. (2000) JACS 122, 3550)  

Essential: extremely fast detectors 

Essential: brilliant X-ray pulses:  
-  100 fs or shorter  
-  giving 1012 photons / pulse  
-  giving coherent X-ray radiation 
-  giving 1Å photons 
-  X-ray beam size: 100 nm 



!
!

/!http://www.sciencemag.org/content/early/recent!/!31!May!2012!/!Page!4/!10.1126/science.1217737!
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Fig.' 1.' Experimental' geometry' for' serial' femtosecond' crystallography' at' the' Coherent' XHray' Imaging'
instrument.'Single'pulse'diffraction'patterns'from'single'crystals'flowing'in'a'liquid'jet'are'recorded'on'a'
CSPAD'at'the'120'Hz'repetition'rate'of'LCLS.'Each'pulse'was'focused'at'the'interaction'point'using'9.4'
keV'xHrays.'The'sampleHtoHdetector'distance'(z)'was'93'mm.'

Fig.' 2.' (A)' Final,' refined' 2mFobsHDFcalc' ������� �������� �������� ���� �18)' of' lysozyme' at' 1.9' Å' resolution'
calculated'from'40'fs'pulse'data.'(B)'Fobs[40'fs]HFobs[synchrotron]'difference'Fourier'map,'contoure����������
(green)'and'H�����������	���������������������������������������
�����������������������������������������
radiation'dose'of'24'kGy.'
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Serial femtosecond crystallography (SFX):  

        proof-of-concept on photosystem I, 

             high resolution data on lysozyme 

                                  and T. brucei cathepsin B  

Chapman et al., 2011, Nature             Boutet et al., 2012, Science;       Redecke et al., 2012, Science 
/ http://www.sciencemag.org/content/early/recent / 29 November 2012 / Page 5/ 10.1126/science.1229663 

 

 

Fig. 1. In vivo grown crystals and 3D 

structure of the TbCatB-propeptide 

complex. (A) Transmission EM of an 

infected SF9 insect cell showing a 

crystal of overexpressed TbCatB inside 

the rough endoplasmic reticulum that is 

cut perpendicular to its long axis. N, 

nucleus; L, lysosome; C, crystal; CM, 

cell membrane. (B) Scanning EM of a 

single TbCatB crystal after isolation. 

(C) Cartoon plot of the TbCatB-

propeptide complex exhibiting the 

typical papain-fold of cathepsin B-like 

proteases (supplementary text S1). 

Grey, R-domain; blue, L-domain; 

beige, occluding loop. The native 

propeptide (green) blocks the active 

site. The subsites of the substrate 

binding cleft N- (non-prime: S2, S3) 

and C-terminal (prime: S1ƍ, S2ƍ) to the 

active site (S1) have been identified by 

comparison with the human CatB 

structure (13) and labeled (red) 

according to Schechter and Berger 

(27). Two N-linked carbohydrate 

structures (yellow) consist of N-

acetylglucosamine (NAG) and 

mannose (MAN) residues (yellow, 

carbon atoms; blue, nitrogen atoms; 

red, oxygen atoms). 

Fig. 2. Quality of the calculated 

electron density. (A) Surface 

representation of the TbCatB-

propeptide complex solved by 

molecular replacement using the 

mature TbCatB structure (11) as a 

search model. The solution revealed 

additional electron density (2 Fo – 

Fc, 1ı, blue) of the propeptide 

(green) that is bound to the V-

shaped substrate binding cleft and 

of two carbohydrate structures 

(yellow) N-linked to the propeptide 

(B) and to the mature enzyme (C). 

The propeptide as well as both 

carbohydrates are well-defined 

within the electron density map 

(blue), confirming that the phases 

are not biased by the search model. 

Color codes correspond to Fig. 1C. 
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Main limitations of SFX: beamtime availibility and sample consumption  

- 2 new XFELs under construction : European XFEL (2016) and SwissFEL (2017) 

- Alternative approaches to the gas-focused liquid jet (14 mL per 12 hours): 
  - Lipid cubic phase injector: 1-200 µL/12 hours, but LCP may affect diffraction 
 - Nanoflow electrospinning injector: 149 µL/ 12 hours, but no salt… 

Membrane proteins constitute about one third of the
proteome in most organisms, perform critical cellular
and physiological functions and represent over 60% of

current drug targets in humans1. High-resolution three-
dimensional structures of membrane proteins are indispensable
for understanding their functional mechanisms and designing
novel drugs with high selectivity and potency. However,
knowledge of membrane protein structures lags behind that of
soluble proteins2, emphasizing the need to develop innovative
methods and approaches.

Beginning with the seminal work on photosynthetic reaction
centers3, membrane proteins have historically been crystallized in
detergent micelle solutions. About 17 years ago, an alternative
method of crystallization was introduced, based on the use of a
membrane-mimetic medium known as the lipidic cubic phase
(LCP)4,5. This technique has proven crucial for determining high-
resolution structures and functional mechanisms of membrane
proteins from several diverse families, starting with microbial
rhodopsins6 and including G protein-coupled receptors, ion
channels, transporters and enzymes7–11.

While LCP crystallization typically produces highly ordered
crystals, these crystals are often limited in size. A high density of
micrometer-sized crystals in the LCP is often obtained during
initial screening, but subsequent optimization to obtain suffi-
ciently large crystals for data collection at synchrotron sources
can be laborious and time consuming. Despite the fact that
microcrystallography has matured over the last few years5,12,
structure determination of membrane proteins using
microcrystals remains difficult. Ultimately, the achievable
resolution for well-ordered small crystals is limited by radiation
damage13 that poses an inherent problem for all conventional
X-ray-based methods of structure determination.

LCP-grown microcrystals are ideally suited for the emerging
technique of serial femtosecond crystallography (SFX)14,15. SFX
relies on the fact that the duration of the X-ray pulses generated
by an X-ray free-electron laser (XFEL) is so brief (o50 fs), that
diffracted photons exit the sample before damage initiated by
photoionization can establish itself. Diffraction is thereby
recorded from essentially undamaged molecules at or close to
room temperature. The peak brightness of an XFEL is a billion
times higher than that of third generation synchrotrons, allowing
collection of high quality single diffraction patterns from
individual sub-10-mm-sized crystals in random orientations.
After collecting several hundred thousand of such patterns at a
rapid rate, structure factors are determined by Monte Carlo-type
integration over the measured diffraction intensities16. The first
experimental demonstrations of SFX, at low resolution, were
carried out with membrane proteins crystallized in detergent

solution17 and in the liquid-like lipidic sponge phase18. Recently,
the first structures of soluble proteins in aqueous dispersion have
been solved at atomic resolution19,20.

To date, the SFX method has been based on X-ray data
collection from a liquid stream containing protein micro/
nanocrystals. The gas dynamic virtual nozzle (GDVN), which is
used to inject microcrystals in their mother liquor into the X-ray
beam, produces a liquid jet flowing at 10 m s! 1 and focused to 1–
5 mm diameter by employing shear and pressure forces from a co-
flowing gas21. Hence, given the 120 Hz X-ray pulse repetition rate
of the Linac Coherent Light Source (LCLS), the sample stream
advances several centimeters between X-ray pulses, which are
focused to 0.1–2 mm diameter. Consequently, in a typical SFX
experiment, only 1 out of 10,000 microcrystals is probed by the
X-ray beam. With a liquid flow rate of 10 ml min! 1, it takes 5–6 h
to collect a full data set, thus requiring 10–100 mg of pure protein.
Obtaining such amounts is not feasible for many membrane
proteins.

Because of its gel-like nature, LCP allows operation at much
lower stream speeds and more efficient sample utilization. Its
high viscosity, however, makes it incompatible with GDVN
techniques. A new approach was needed to generate a micro-
meter-sized stream of LCP suitable for SFX.

We report here the development of a novel method and a
device for extruding LCP at slow flow speeds and with extremely
low sample consumption as a continuous 10–50mm diameter
stream. It provides a continuously renewed sample target for
interrogation by the femtosecond X-ray beam. The flow speed of
the injector is adjustable to the X-ray pulse repetition rate of the
XFEL, so that no sample is wasted between shots. LCP-grown
microcrystals of the human smoothened (SMO) receptor in
complex with cyclopamine have been injected into the femtose-
cond X-ray beam. Diffraction data from 61,964 microcrystals
were merged to recover the structure to 3.2/4.0 Å resolution. The
protein consumption is reduced by a factor of 20 compared with
SFX experiments with the GDVN nozzle.

Results
LCP injection. The LCP microextrusion injector (Fig. 1)
consists of a hydraulic stage, a sample reservoir and a nozzle.
The reservoir can hold up to 20ml of LCP and is connected to a
fused silica capillary with 10–50 mm inner diameter. The LCP
is extruded out of this capillary into an evacuated sample
chamber and requires a pressure of 2,000–10,000 psi, depending
on the nozzle diameter and flow speed. This is provided by
the hydraulic stage that amplifies the applied pressure by a factor
of 34. Shear force exerted by a co-flowing gas (helium or nitrogen

Gas line

Water
line Plunger Teflon

balls

Nozzle
LCP reservoir

Figure 1 | Middle section through the LCP injector. In operation, the device is attached via the leftmost threaded fitting to a nozzle rod (not shown) for
insertion into the experimental chamber. Water (blue) and gas (green) lines are routed through the nozzle rod from the left. LCP (red) is extruded from the
nozzle on the right. Water, at a pressure of up to 300 psi, drives the hydraulic plunger, which amplifies the pressure 34 times to drive LCP through a
capillary with an inner diameter of 10–50mm. Two spherical Teflon beads are used to provide a tight seal against a pressure of up to 10,000 psi. The
co-flowing gas is necessary for reliable extrusion and to maintain co-axial flow.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4309

2 NATURE COMMUNICATIONS | 5:3309 | DOI: 10.1038/ncomms4309 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

biological samples costly and demanding, is paramount to broadening
the applicability of SFX.

2. Results and discussion

LCLS fires at 120 Hz and therefore protein passing through the
microjet is wasted during the 8.3 ms delay between shots. Sample

consumption could be reduced during SFX if
a microjet could be formed with the same
diameter but using a lower flow rate, since
less unused sample is passed through the
interaction region between two X-ray pulses:
1.4 nl of sample passes between each pulse at
10 ml min!1, whereas only about 0.028 nl is
wasted at 0.2 ml min!1. In our recent SFX
study of photosystem II (Kern et al., 2012),
we utilized an electric field-focused microjet
operated at 2.5–3.1 ml min!1 that is
described below.

The physics of gas and electric field flow
focusing lead to comparable microjet
formation (Ganan-Calvo & Montanero,
2009), suggesting that electrospray method-
ology may be an alternative approach for
crystal suspension delivery for SFX.
Electrosprays are formed when a sufficiently
high electric field overcomes the surface
tension and focuses the free surface of a
liquid into a microjet, which breaks apart
into highly charged droplets shortly after
(Ganan-Calvo & Montanero, 2009). The
potential use of droplet beams produced
from electrospray voltage-assisted Rayleigh
microjets in SFX has been studied (Weier-
stall et al., 2007). However, concerns exist
regarding the high divergence of the droplet
stream and the potential impact of the
electric field on the biomolecular structure in
the small charged droplets emitted (DePonte
et al., 2008; Fromme & Spence, 2011; Shapiro
et al., 2008).

In our nanoflow SFX sample-delivery
system, instead of creating diverging droplet
streams of protein crystals using an electro-
spray we apply a principle utilized in
electrospinning (Fridrikh et al., 2003), in
which the length of the microjet is extended
and droplet formation is delayed by adding
glycerol and/or polyethylene glycol (PEG).
The aim is to keep the crystals inside a
focused liquid stream for as long as possible
to ensure X-ray probing before potentially
spurious effects owing to droplet formation
can occur. Varying the onset and geometry
of the electrospun microjet formed down-
stream of a fixed capillary ID is achieved by
varying the flow rate and the applied electric
field (Fridrikh et al., 2003).

For the operation of our electrospun
microjet at CXI, where SFX is performed at
<0.01 Pa in order to minimize background
scattering, stable operating parameters

outside the typical atmospheric pressure conditions were developed.
Pure glycerol, which is commonly used in crystal screens and as a
cryoprotectant in synchrotron protein crystallography, electrosprays
stably below 0.01 Pa (Ku & Kim, 2003). We observed that aqueous
glycerol solutions at 25–40%(w/v) produced stable electrospun
microjets at <1 Pa. Similarly, electrospun microjets of crystal
suspensions in glycerol–water mixtures showed excellent stability at
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Figure 1
Nanoflow electrospinning protein microcrystal suspensions in vacuo for serial femtosecond crystallography at the
LCLS Coherent X-ray Imaging endstation. An electrospun microjet (a) (scale bar 150 mm) of a thermolysin
crystal suspension (b) (microscope image) flowing at 0.17 ml min!1 is emitted in an electrospun microjet from a
50 mm internal diameter silica capillary positioned <1 mm from the X-ray-interaction point. An average of 2 mJ
is delivered in each 40 fs pulse of 9.7 keV X-rays. Single-pulse diffraction patterns from single crystals were
recorded on a Cornell-SLAC Pixel Array Detector (CSPAD). A virtual powder pattern from 1024 LCLS shots
that produced #16 Bragg peaks each (c) showed diffraction beyond 4 Å resolution. Purple and yellow squares
denote the portions of the CSPAD shown in the virtual powder pattern.

Figure 2
Tuning the sample flow rate of electrospun microjets into the nanoflow regime using capillary internal diameter
(ID) and the pressure difference between the liquid reservoir and the vacuum chamber. The sample flow rate was
measured for 30%(w/v) glycerol, 10%(w/v) PEG 2000, pH 6.5, 5 mM CaCl2, 100 mM MES buffer solution
emitted into vacuum from 50, 75 and 100 mm ID silica capillaries that were 114, 110 and 120 cm long, respectively.
Linear fits are added to aid the eye. The range of flow rates for published SFX experiments is highlighted for
comparison but note that the GDVN operates with higher backing pressure on the liquid than the values on the
abscissa.

Sierra et al., (2012), Acta Cryst D 
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at 300–500 psi supply pressure) keeps the LCP stream on axis
(see Methods for details).

The LCP flow rate (typically 1–300 nl min! 1) depends on the
sample composition, nozzle diameter and pressure and can be
optimized for the 120 Hz pulse rate of the LCLS, so that between
X-ray pulses, the stream advances only the distance needed to
expose fresh sample to the next pulse, dramatically reducing
sample consumption compared with GDVN injection
(Supplementary Movie 1).

The most commonly used lipid for crystallization of membrane
proteins in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand
notation is used for monounsaturated monoacylglycerol lipids,
where ‘N’ is the number of carbon atoms in the acyl chain between
the ester and cis-olefinic bonds, and ‘T’ is the number of carbon
atoms between the cis-olefinic bond and the end of the chain).
However, this lipid is not ideally suited for the LCP–SFX
experiments, as it undergoes a phase transition from the cubic
phase to a lamellar crystalline (Lc) phase at 18 !C. As LCP is
injected into an evacuated sample chamber at B10! 3 Torr and
20 !C, evaporative cooling can transform it into the Lc phase,
leading to strong, sharp diffraction rings from the Lc phase (Fig. 2a).
This dramatically increases the background and poses a danger to

the detector, which made it necessary to attenuate the LCLS beam
by a factor of 20–30. Nonetheless, in our initial experiments both
microcrystal samples of b2 adrenergic receptor (b2AR) and
adenosine A2A receptor A2AAR showed consistent diffraction to
B2.5 Å, even with the highly attenuated beam (Fig. 2a).

By changing the co-flowing gas from He to N2, the formation
of the Lc phase was suppressed but not completely eliminated in
the case of LCP prepared with 9.9 MAG (Fig. 2c,d). However, by
replacing the 9.9 MAG with shorter chain MAGs (7.9 MAG22 or
9.7 MAG (monopalmitolein) available from Avanti Polar Lipids),
the formation of the Lc phase was completely prevented.
Diffraction patterns collected at the LCLS confirmed the
presence of the expected cubic-Pn3m phase, without a trace of
the Lc phase (Fig. 2b). In addition, we have established that for
crystals that only grow in 9.9 MAG LCP (the most successful
crystallization host lipid to date), 7.9 MAG can be added post
crystal growth to prevent formation of the Lc phase upon
injection (see Methods for details), which greatly expands the
range of proteins amenable to this method. The high quality of
the X-ray diffraction data collected from crystals grown in 9.9
MAG that were delivered in the 7.9/9.9 MAG mixture (Fig. 2b)
show that the crystals do not suffer from the addition of
7.9 MAG.

Diffraction Data and Sample Consumption. Using the LCP
injector with a flow rate of 170 nl min! 1, SFX data were acquired
for several G protein-coupled receptors, including b2AR, A2AAR,
SMO, glucagon receptor and serotonin 2B (5-HT2B) receptor23, as
well as the membrane enzyme diacylglycerol kinase (DgkA). Full
data sets for SFX structure determination were collected
for DgKA, SMO and 5-HT2B over the course of 5–10 h, while
using less than 100ml of each sample (o0.5 mg of protein).
This is a vast improvement over typical sample consumption
with a GDVN nozzle, which requires 10 ml (10 mg protein) for a
complete data set17. A comparison of the amounts of sample used
in different experiments with the GDVN and the LCP injector is
included in Supplementary Table 1.

As proof of principle for the newly developed LCP–SFX
method, we analysed the data collected on human SMO receptor
in complex with the naturally occurring teratogen cyclopamine.
SMO belongs to the class Frizzled of G protein-coupled receptor
superfamily, and participates in embryonic development and
tumour growth. The first SMO structure in complex with an
antagonist LY2940680 was recently determined by traditional
microcrystallography at a synchrotron source24. We were,
however, unsuccessful in solving the structure of the SMO/
cyclopamine complex using synchrotron data collected with a
10 mm diameter X-ray beam due to poor diffraction from
relatively large crystals (B120" 10" 5 mm3; Supplementary
Fig. 1c,d), which presumably suffered from accumulation of
crystal growth defects or from effects related to cryocooling.
The LCP–SFX data collected on sub-5 mm-sized crystals
(Supplementary Fig. 1a,b) at room temperature were of a
reasonable quality to solve the structure by molecular
replacement after application of an anisotropic data truncation
at 3.4, 3.2 and 4.0 Å along three principal crystal axes (Table 1).
Although the resolution is not very high, it does allow us to
confidently locate where this small molecule ligand with an
antitumor therapeutic potential25 binds (Fig. 3). This
crystallographic model will be further refined by subsequent
biochemical studies.

Discussion
In summary, our successful development of an LCP microextru-
sion injector allows the beneficial attributes of SFX measurements

Capillary

Gas aperture

Figure 2 | Snapshot diffraction patterns and LCP extrusion. (a,b) Single
femtosecond snapshot diffraction patterns. (a) Diffraction spots from A2A

adenosine receptor microcrystals in 9.9 MAG/cholesterol LCP to 2.5 Å and
strong powder diffraction rings from crystalline lipid. (X-ray intensity
attenuated to 7%, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV,
15mm LCP jet diameter, 300 pl min! 1 flow rate, 1 Hz pulse rate, crystal size:
1" 1" 5 mm3). (b) Diffraction from serotonin receptor 5-HT2B in
cholesterol-doped 9.9 MAGþ 7.9 MAG LCP. No sharp rings are visible
suggesting that formation of Lc phase has been avoided (X-ray intensity
attenuated to 3.1% due to strong Bragg diffraction from 5" 5" 5 mm3 sized
crystals, 1.5mm X-ray beam diameter, 50-fs pulse length, 9.5 keV, 50mm
LCP jet diameter, 190 nl min! 1 flow rate, 120 Hz pulse rate). The resolution
at the detector edge in both panels is 2.5 Å. Panels (c) and (d): 9.9 MAG
LCP extrusion in vacuum viewed between crossed polarizers. The tapered
end of the capillary nozzle is seen protruding out of the gas aperture.
Capillary inner diameter: 30 mm. (c) with He as co-flowing gas.
Birefringence (bright flecks) is an indication of a transition of the cubic
phase to a lamellar crystalline phase due to evaporative cooling. (d) with N2

as co-flowing gas and no visible birefringence. Scale bars, 100mm.
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Is serial crystallography amenable to synchrotron sources ? 

- T. brucei cathepsin B crystals (CatB) mounted in a nylon loop at 110 K  
   (Gati et al, 2014, IUCR J) 

- Lysozyme crystals mounted in a poly-vinyle chip  
   (Zarrine-Afsar et al., 2012, Acta D)  

! Statistics of ‘acceptable’ quality  
! Oscillation data collection 



Is REAL serial crystallography amenable to synchrotron sources ? 

- T. brucei cathepsin B crystals (CatB) mounted in a nylon loop at 110 K  
   (Gati et al, 2014, IUCR J) 

- Lysozyme crystals mounted in a poly-vinyle chip  
   (Zarrine-Afsar et al., 2012, Acta D)  

! Statistics of ‘acceptable’ quality  
! Oscillation data collection 

! We need high-quality data 
! We need an handling-free & centering-free methodology  



!

Crystals can be presented to the X-ray beam on solid support  

and data collected in raster-scanning mode (no oscillation) 

Coquelle, Brewster, Kapp, Shilova, Weinhausen, Sauter, Burghammer, Colletier (in preparation) 

We#collect#tens#of#
thousands#of#
diffrac2on#
pa4erns…#

Some2mes,#we#hit#
a#crystal…#

Some2mes,#we#hit#
solvent…##

We#need#to#split#
the#difference#!!!#



Sorting the good from the bad ? 

“Hit-finding” is a major challenge in serial crystallography 

At XFELs, approaches have been developed (Cheetah, Apple.Py),  
yet they are not suited for conventional X-ray crystallography data formats  
(edf, cbf, smv, mccd, …) 

Also, these approaches do not include background subtraction nor  
background classification and scaling. 

       If it isn’t available, do it yourself !!! 



NanoPeakCell : a hit finder that understands data need to be corrected…  

Coquelle, Brewster, Kapp, Shilova, Weinhausen, Sauter, Burghammer, Colletier (in preparation) 



NanoPeakCell : a hit finder that prepare data for further processing…  

Coquelle, Brewster, Kapp, Shilova, Weinhausen, Sauter, Burghammer, Colletier (in preparation) 



Proof of concept on lysozyme : 

Coquelle, Brewster, Kapp, Shilova, Weinhausen, Sauter, Burghammer, Colletier (in preparation) 

- Proof of feasibility for serial synchrotron crystallography 
(SSX) using micro (1.5 µm) or nano (150 nm) focused 
beams 

- Data of comparable or better quality than that produced 
by XFELs (…), yet using much less frames. 

- An comparatively economic approach:  ~ 5µL of 
concentrated crystals instead of tens of mL at XFELs. 

!
!

/!http://www.sciencemag.org/content/early/recent!/!31!May!2012!/!Page!2/!10.1126/science.1217737!
!

ing!radiation!damage!studies.!This!makes! it!an! ideal!system!for! the!deB
velopment! of! the! SFX! technique.! Microcrystals! of! HEWL! in! random!
orientation!were!exposed!to!single!9.4!keV!(1.32!Å)!xBray!pulses!of!5!fs!
:<����1=�/?<,>4:9�1:.?=0/�>:�	��Mm2!at!the!interaction!point!(Fig.!1).!The!
,@0<,20����1=�;?7=0�090<2C�,>�>30�=,8;70�A,=�����M��;?7=0��.:<<0=;:9dB
ing! to!an!average!dose!of!33!MGy!deposited! in!each!crystal.!This!dose!
level! represents! the! classical! limit! for! damage! using! cryogenicallyB
cooled! crystals! (14),! �� %30� ,@0<,20� � 1=� ;?7=0� 090<2C� A,=� �� M��� %30�
SFXBderived!data!were!compared!to!lowBdose!data!sets!collected!at!room!
temperature! using! similarly! prepared! larger! crystals! (11).! This! benchB
marks!the!technique!with!a!wellBcharacterized!model!system.!

We!collected! approximately!1.5!million! individual! “snapBshot”!difB
fraction!patterns!for!40!fs!duration!pulses!at!the!LCLS!repetition!rate!of!
120!Hz!using!the!CSPAD.!About!4.5%!of!the!patterns!were!classified!as!
crystal!hits,!18.4%!of!which!were!indexed!and!integrated!with!the!CrystB
FEL!software! (15)! showing!excellent! statistics! to!1.9!Å! resolution! (see!
Table! 1! and! table! S1).! In! addition,! 2!million! diffraction! patterns!were!
collected!using!xBray!pulses!of!5!fs!duration,!with!a!2.0%!hit!rate!and!a!
26.3%! indexing! rate,! yielding! 10,575! indexed! patterns.! The! structure,!
partially! shown! in! Fig.! 2A,! was! determined! by!molecular! replacement!
(using!PDB!entry!1VDS)!and!using! the!40!fs!SFX!data.!No!significant!
differences!were!observed!in!an!Fobs[40!fs]!–!Fobs[synchrotron]!difference!
electron!density!map!(Fig.!2B).!The!electron!density!map!shows!features!
that!were!not!part!of!the!model!(different!conformations!of!amino!acids,!
water! molecules)! and! show! no! discernable! signs! of! radiation! damage.!
Also,!when!the!data!were!phased!with!molecular!replacement!using!the!
>?<60C�7C=:DC80�=><?.>?<0�,=�,�=0,<.3�8:/07��"���.:/0�	��!���>30�/4fB
ferences! between! the! two! proteins!were! immediately! obvious! from! the!
maps!(fig.!S3).!

Even! though!the!unB
derlying! radiation! damB
age! processes! differ! due!
to! the! different! time!
scales! of! the! experiB
ments! using! an! XFEL!
and! a! synchroB
tron/rotating! anode!
(femtoseconds! vs.! seB
conds/hours),! no! feaB
tures!related! to!radiation!
damage! are! observed! in!
difference! maps! calcuB
lated! between! the! SFX!
and! the! lowBdose! synB
chrotron! data! (Fig.! 2B).!
In! addition! to! local!
structural! changes,! metB
rics! like! I/I0! and! the!
Wilson! BBfactor! are!
most!often!used! to!charB
acterize! global! radiation!
damage! in! protein! crysB
tallography! (16).! I/I0! is!
not! applicable! to! the!
SFX!data.!However,! the!
WilsonBB!factors!of!both!
SFX! data! sets! show!
values! typical! for! room!
temperature! data! sets!
and!do!not!differ!signifiB
cantly! from! those! obB
tained! from! synchrotron!
and! rotating! anode! data!

sets!collected!with!different!doses,!using!similarly!grown!larger!crystals!
kept!at! room! temperature!and! fully! immersed! in! solution! (11)! (Table!1!
and!table!S1).!The!RBfactors!calculated!between!all!collected!data!sets!do!
not!show!a!dose!dependent!increase!(fig.!S4).!However,!higher!RBfactors!
are!observed!for!the!SFX!data,!indicating!a!systematic!difference.!This!is!
not! caused! by! nonBconvergence! of! the! Monte! Carlo! integration! since!
scaling!the!40!fs!and!5!fs!data!together!does!not!affect!the!scaling!behavB
ior.! Besides! nonBisomorphism! or! radiation! damage,! possible! explanaB
tions! for! this! difference! could! include! suboptimal! treatment! of! weak!
reflections,! the! difficulties! associated! with! processing! still! diffraction!
images!and!other!SFXBspecific!steps!in!the!method.!SFX!is!an!emerging!
technique,!and!data!processing!algorithms,!detectors!and!data!collection!
methods!are!under!continuous!development.!

A! simple! consideration! shows! the! attainable! velocities! of! atoms! in!
the! sample!depend!on! the!deposited!XBray! energy!versus! the! inertia! of!
those! atoms:! 3 /Bv k T m� ,!where!m! is! the!mass!of! a! carbon! atom,!
for! example,!T! is! temperature! and! kB! is! Boltzmann’s! constant.! For! an!
impulse! absorption! of! energy! at! the! doses! of! our!LCLS!measurements!
we!predict!average!velocities!less!than!10!Å!/!ps,!which!gives!negligible!
displacement!during!the!FEL!pulses.!On!the!timescale!of!femtoseconds,!
radiation! damage! is! primarily! caused! by! impulsive! rearrangement! of!
atoms!and!electron!density,! rather! than! the!relatively!slow!processes!of!
chemical! bond! breaking! typical! in! conventional! crystallography! using!
much! longer! exposures! at!much! lower!dose! rates! (the!dose! rate! in! this!
experiment!was!approximately!0.75!MGy!per!femtosecond).!

Neither! the! SFX! electron! density! maps! nor! the! Wilson! BBfactors!
suggest!obvious!signs!of!significant!radiation!damage.!Very!short!pulses!
(5! fs! electron! bunch)! are! not! expected! to! produce! observable! damage,!
according! to!simulations!(3).!Furthermore,! it!has!been!reported! that! the!

Table'1.'SFX'and'synchrotron'data'and'refinement'statistics'

Parameter! 40!fs*!pulses! 5!fs*!pulses! SLS!RT!data!3!****!
Wavelength! 1.32!Å! 1.32!Å! 0.9997!Å!
XB<,C�1:.?=�*M82]! ~!10! ~!10! ~!100!×!100!
Pulse!energy/fluence!at!sample! ����M����B	�11ph/pulse! ��M����B	�10!

ph/pulse!
N.A./!2.5!x1010ph/s!

Dose![MGy]! 33.0!per!crystal! 2.9!per!crystal! 0.024!total!
Dose!rate![Gy/s]! 8.3!×!1020! 5.8!×!1020! 9.6!×!102!
Space!group! P43212! P43212! P43212!
&94>�.077�7092>3�*E+��I�K�L���F! a�b�����c���! a�b�����c���! a�b����
��c����	!
Oscillation!range/exposure!time! Still!exp.!/!40!fs*! Still!exp.!/!5!fs*! 	��F����
�=!
#!collected!diffraction!images! 1471615! 1997712! 100!
#!of!hits/indexed!images! 66442!/12247! 40115/10575! n.a./100!
Number!of!reflections! n.a.! n.a.! 70960!
Number!of!unique!reflections! 9921! 9743! 9297!
Resolution!limits![Å]! 35.3B1.9! 35.3B1.9! 35.4B1.9!
Completeness**! 98.3%!(96.6%)! 98.2%!(91.2%)! 92.6%!(95.1%)!
��J�����! 7.4!(2.8)! 7.3!(3.1)! 18.24!(5.3)!
Rsplit***! 0.158! 0.159! n.a.!
Rmerge! n.a.! n.a.! 0.075!(0.332)!
Wilson!BBfactor*****! 28.3!Å2! 28.5!Å2! 19.4!Å2!
RBfactor/RBfree******! 0.196/0.229! 0.189/0.227! 0.166/0.200!
Rmsd!bonds,!Rmsd!angles******! ������E��	���F! ������E��	���F! ������E��	��F!
PDB!code! 4ET8! 4ET9! 4ETC!
���$��+)'&��,&�"�$�&!+"�����#!"�*+�)�*'$,+#'&�*"�$$��	�������/�
�
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From Boutet et al., 2012, Science 



Can this approach be used to characterize naturally-occuring nano-crystals ? 

!

Nano-crystals of Cry3A in  
Bacillus thuringiensis cells 

Nano-crystals of B1nAB in  
Bacillus thuringiensis cells 

1 µm 0.2 µm 

A Nano-crystals of major basic protein   
in human eosinophilic granulocytes 



50*50 to 200*200 nm2 
X-ray beam on ID13EH3 

Hexapode for centering 

Pixel  
detector 

SiN waffer 
(1cm2) 

Aperture 

Beam 
stop 

Glass µ-
capillary 

Manfred Burghammer & Christian Riekel 



Long story short: impossibly small nanocrystals are not amenable to SSX. 

We need to resort to SFX at XFELs : the ultra-short nature of the pulses will allow 

                        observing diffraction before destruction occurs 

XFELs deliver 10-10000 times more X-rays in 50 fs than at ESRF in 1s…  



biological samples costly and demanding, is paramount to broadening
the applicability of SFX.

2. Results and discussion

LCLS fires at 120 Hz and therefore protein passing through the
microjet is wasted during the 8.3 ms delay between shots. Sample

consumption could be reduced during SFX if
a microjet could be formed with the same
diameter but using a lower flow rate, since
less unused sample is passed through the
interaction region between two X-ray pulses:
1.4 nl of sample passes between each pulse at
10 ml min!1, whereas only about 0.028 nl is
wasted at 0.2 ml min!1. In our recent SFX
study of photosystem II (Kern et al., 2012),
we utilized an electric field-focused microjet
operated at 2.5–3.1 ml min!1 that is
described below.

The physics of gas and electric field flow
focusing lead to comparable microjet
formation (Ganan-Calvo & Montanero,
2009), suggesting that electrospray method-
ology may be an alternative approach for
crystal suspension delivery for SFX.
Electrosprays are formed when a sufficiently
high electric field overcomes the surface
tension and focuses the free surface of a
liquid into a microjet, which breaks apart
into highly charged droplets shortly after
(Ganan-Calvo & Montanero, 2009). The
potential use of droplet beams produced
from electrospray voltage-assisted Rayleigh
microjets in SFX has been studied (Weier-
stall et al., 2007). However, concerns exist
regarding the high divergence of the droplet
stream and the potential impact of the
electric field on the biomolecular structure in
the small charged droplets emitted (DePonte
et al., 2008; Fromme & Spence, 2011; Shapiro
et al., 2008).

In our nanoflow SFX sample-delivery
system, instead of creating diverging droplet
streams of protein crystals using an electro-
spray we apply a principle utilized in
electrospinning (Fridrikh et al., 2003), in
which the length of the microjet is extended
and droplet formation is delayed by adding
glycerol and/or polyethylene glycol (PEG).
The aim is to keep the crystals inside a
focused liquid stream for as long as possible
to ensure X-ray probing before potentially
spurious effects owing to droplet formation
can occur. Varying the onset and geometry
of the electrospun microjet formed down-
stream of a fixed capillary ID is achieved by
varying the flow rate and the applied electric
field (Fridrikh et al., 2003).

For the operation of our electrospun
microjet at CXI, where SFX is performed at
<0.01 Pa in order to minimize background
scattering, stable operating parameters

outside the typical atmospheric pressure conditions were developed.
Pure glycerol, which is commonly used in crystal screens and as a
cryoprotectant in synchrotron protein crystallography, electrosprays
stably below 0.01 Pa (Ku & Kim, 2003). We observed that aqueous
glycerol solutions at 25–40%(w/v) produced stable electrospun
microjets at <1 Pa. Similarly, electrospun microjets of crystal
suspensions in glycerol–water mixtures showed excellent stability at

short communications
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Figure 1
Nanoflow electrospinning protein microcrystal suspensions in vacuo for serial femtosecond crystallography at the
LCLS Coherent X-ray Imaging endstation. An electrospun microjet (a) (scale bar 150 mm) of a thermolysin
crystal suspension (b) (microscope image) flowing at 0.17 ml min!1 is emitted in an electrospun microjet from a
50 mm internal diameter silica capillary positioned <1 mm from the X-ray-interaction point. An average of 2 mJ
is delivered in each 40 fs pulse of 9.7 keV X-rays. Single-pulse diffraction patterns from single crystals were
recorded on a Cornell-SLAC Pixel Array Detector (CSPAD). A virtual powder pattern from 1024 LCLS shots
that produced #16 Bragg peaks each (c) showed diffraction beyond 4 Å resolution. Purple and yellow squares
denote the portions of the CSPAD shown in the virtual powder pattern.

Figure 2
Tuning the sample flow rate of electrospun microjets into the nanoflow regime using capillary internal diameter
(ID) and the pressure difference between the liquid reservoir and the vacuum chamber. The sample flow rate was
measured for 30%(w/v) glycerol, 10%(w/v) PEG 2000, pH 6.5, 5 mM CaCl2, 100 mM MES buffer solution
emitted into vacuum from 50, 75 and 100 mm ID silica capillaries that were 114, 110 and 120 cm long, respectively.
Linear fits are added to aid the eye. The range of flow rates for published SFX experiments is highlighted for
comparison but note that the GDVN operates with higher backing pressure on the liquid than the values on the
abscissa.

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities

715 nm 620 nm

290 nm 160 nm

c*

b*

a* b*

a b

c d

0 1 1¯

1 1 0

0 0 2

0 1 0

0 1 0

1 0 0

0 2 0

¯

Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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Nanoflow 

Sample is sprayed (in general…) 

-  Crystallography: 
 Liquid droplets  

   (Spence & Doak (2004) PRL 92, 198102) 

-  Coherent X-ray imaging 
Electrospray TOF MS 

    (Tito et al. (2000) JACS 122, 3550)  

Liquid jet consumes 14 ml of sample (1010 -1011 crystals/ml) per 12h … 

But not (humanely) feasible for naturally  
occuring human nanocrystals 

NB: cells are purified from the blood of donors  
(patients with hyper-eosinophilic auto-immune diseases) 

 Schlichting & Miao (2012) Curr Opin Struct Biol  

Feasible for lysozyme … 



Phasing of SFX data is notoriously difficult…. 

• To date, only Schlichting and coll. have succeeded in phasing SFX data 

• Amidst reasons : 

-  Lack of isomorphism between crystals (> 10,000 ≠ crystals) 

-  Energy jittering between XFEL pulses 

-  Large bandwidth  
Could be solved by  
self-seeding 

Amann et al., 2012, Nat. Photonics 
Ding et al., 2010, Phys. Rev. ST Accel. Beams 

Barends et al, 2014, Nature 



1: X-ray macromolecular crystallography in an equation-free nutshell 

2: Conventional micro-crystallography at synchrotron-radiation (SR) sources 

3: Serial micro-crystallography (XFELs and SR sources) 

4: Serial nano-crystallography (XFEL sources) 

5: Coherent X-ray diffraction and direct phasing of structural information 

Outline :  

   



Sample space Scattering space 

2θ 

Transformation of distance into angle 

Wavelength (λ) 

Diffraction Pattern :  contains all the contrast relevant  
information at the resolution of λ/2sin(θ)  

Scattering space Sample space 

X-ray scattering from a molecule!



Gaffney & Chapman (2007) Science 316, 1444 

Diffraction pattern:  
continuous molecular transform; 
no Bragg spots 

Detectors w/ high dynamic range 

Extremely brilliant X-ray pulses :  
-  giving 1012-… photons / 10 fs pulse  
-  coherent X-ray radiation 
-  1 - 8 Å wavelength 
-  X-ray beam size: 0.0001 – 0.1 – 1 µm 

Ideal case : 



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 

Essential: Methods from single particle EM 

Single particle imaging by coherent X-ray imaging : direct phasing 



Single particle imaging of a 500 nm particle : done !!!  

Seibert et al., 2011, Nature  
Schlichting & Miao, 2012, Curr Opin Struct Biol 



X-ray/matter interaction is weak (1/10000 photons)  

We use crystals as a means to amplify the signal (2.1014 symmetry-related molecules) 

The Bragg law applies : constructive interferences only if 2*d*sin(θ) = λ                

But protein are too small --- not enough scattering for direct phasing !!!!

Schlichting & Miao, 2012, Curr Opin Struct Biol 

continuous molecular  
transform; no Bragg spots 

Bragg spots and  
fringes between spots 

2 * 2 * 2 4 * 4 * 4 8 * 8 * 8 1 



When using nanocrystals, convolution of the continuous fourier transform 

of the object with that of the lattice 

e.g. Photosystem I (P63) 
    - unit cell : 281*281*165 Å3 α=β= 90°; γ=120° 
    - 8 Å wavelength, 1 µm2 beamsize, 15,000 frames 

Chapman et al. (2011) Nature 470 

N unit cells gives rise to N-2 fringes  
between neighbouring Bragg peaks. 
(fringe-spacing is finer by a factor of 1/N  
than the Bragg spacing) 

Information between bragg peaks could 
be used to phase the structural information 

34 unit cells 



Chapman et al. (2011) Nature 470 

Best use of XFEL for now : (time-resolved) micro-crystallography :  

e.g. Photosystem I (P63) 
    - unit cell : 281*281*165 Å3  
            α=β= 90°; γ=120° 
    - 8 Å wavelength, 1 µm2 beamsize, 15,000 frames 

N unit cells gives rise to N-2 fringes  
between neighbouring Bragg peaks. 
(fringe-spacing is finer by a factor of 1/N  
than the Bragg spacing) 



Information between bragg peaks could be used to phase structural 

information 

Chapman et al. (2011) Nature 470 

shape cannot be avoided. These two factors can, in principle,
make it very difficult to extract the molecular transform
accurately from the recorded diffraction pattern. Using
numerical simulations, Liu et al. (2013) have now found that,
by merging a large number of nanocrystals, the incomplete
unit cells and the crystal size variations do not prevent the
oversampling method from recovering the molecular trans-
form with the assumption that certain unit-cell types are
preferred (Fig. 1). This solution to the phase problem is
advantageous in that it does not require atomic resolution
data, chemical modification of samples, or modulation of
X-ray energies during data collection. Of most interest to
crystallographers is the potential for such a method to work on
even the smallest crystals with XFELs. However, the perfor-
mance of this approach is indelibly linked to the quality of the
recorded intensities between Bragg peaks. This stringent

requirement is strained by the intrinsic properties of the
intensity between Bragg peaks; it rapidly decays even at small
distances away from Bragg peaks. Therefore, the next big
challenge is to demonstrate this ab initio phasing method on
experimental data obtained from the tiniest of protein crystals
collected from XFELs.

Over the past century, X-ray crystallography has made a
tremendous impact in physics, biology, chemistry, mineralogy,
geosciences and life sciences. The last several decades have
also witnessed three important developments related to X-ray
crystallography. First, advanced X-ray sources, such as
synchrotron radiation, XFELs, diffraction-limited storage
rings and tabletop high harmonic generation (HHG) (Emma,
2010; Ishikawa, 2012; Popmintchev et al., 2012), have been
under rapid development worldwide. Second, the metho-
dology of X-ray crystallography has been extended to allow
structural determination of non-crystalline specimens and
nanocrystals (Miao et al., 1999; Robinson et al., 2001). Third,
high dynamic range detectors with single photon sensitivity
have been developed and computational power has been
dramatically increased. While many issues related to these
developments remain to be solved and new ideas are also
needed, it is safe to predict that X-ray crystallography in the
next century will likely be at least as exciting as in the past one.
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4 Miao and Rodriguez ! Phasing tiny crystals IUCrJ (2014). 1, 3–4

Figure 1
A simulated X-ray diffraction pattern of a two-dimensional nanocrystal,
containing a 4 " 4 unit-cell lattice of a hydrophobin molecule (PDB ID
2gvm), in which the underlying molecular transform is visible, delineated
by the intensity between the Bragg peaks. An inset shows the structure of
the two-dimensional lattice with outer cells labeled as partially occupied
(red), unoccupied (yellow) and fully occupied (gray).

Rodriguez & Miao, 2014, IUCR J. 



Some proteins form nano-crystals in vitro : 

e.g. membrane proteins, amyloid proteins, protein complexes… 

-  Check out whitish precipitates in crystallization drops 

    Do TEM on your drops !!!  

-  Keep faith… (0.8 Å data from a nano-crystal after 8h of  “fish-mount-shoot” routine)   

             

-  Refrain from avoidance of the feasible by invocation of the impossible  

    

 Shoot first, think later !!! 

Sup35-NNQQNY 
Sup35-GNNQQNY 

Nelson et al., 2005, Nature 
Sawaya et al., 2007, Nature 

Nasrallah et al., submitted 



Some proteins form nano-crystals in vivo: 

- Opens a new era in structural biology, in which the structures of macromolecules  
   are probed directly in their cellular environments 

-  XFEL >>> synchrotron radiation because crystals are small 

-  In the near future: 4th generation synchroton sources : 104  increase in flux !!! 

    ! may become feasible at synchrotron too ? 



Serial crystallography : 

- Already feasible at synchroton sources (use NanoPeakCell !!!) 

-  Serial crystallography is important for macromolecular objects that are hard to crystallize : 
 * membrane proteins 
 * protein complexes 

-  Time-resolved crystallography : pump-and-probe experiments on the fs-ms timescale 



In conclusion : 

-  It’s a great time to be doing structural biology !!!!     
  (mass spec., spectroscopists, crystallographers, programmers, biologists, engineers…)   
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