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X-ray free-electron lasers may enable atomic-resolution 
imaging of biological macromolecules
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J. Hajdu,  Nature 406 (2000)



Diffraction probes structure

Versuch e) Untersuchung der Funktionalität der aus a) gewonnenen 
„ Fingerprints” als Erkennungsmethode von Bakterienarten

Dieser Versuch diente dazu, die Funktionalität der „Fingerprints” zu prüfen. Beide 
Testpersonen haben in vier von sechs Fällen die Beugungsmuster der Bakterienart 
richtig zugeordnet. Dies führt zu einer Richtigkeit von 66,6%.

Es wurden Vorversuche durchgeführt, die zum Verständnis der Theorie beitrugen 
(s. Abb. 18). Hier ist der Unterschied zwischen dem Interferenzmuster an einem 
spaltförmigen Objekt (a) im Vergleich zum unperfekten (b) und perfekten (c) Gitter zu 
sehen. Ist das Gitter perfekt und linear, ist das Muster an den Rändern nicht schmierig.

4. Diskussion

Es sind wesentliche Unterschiede zwischen den Beugungsbildern der 8 Bakterienarten  
zu erkennen, die auf Unterschiede der Morphologie, Struktur und optischen 
Eigenschaften der Kolonien beruhen müssen. Ein Beweis dafür ist, dass sich die 
Beugungsbilder nach dem Verändern der Bakterien durch Umwelteinwirkungen, wie 
längere Brutzeiten oder osmotischen Druck, auch verändern.

Der Effekt, der auftritt, wenn Wellen an einem Objekt von ihrem geraden Weg 
abgelenkt werden und sich in Bereichen ausbreiten, die sonst vom Objekt versperrt 
wären, wird Beugung genannt. Es wird zwischen Fresnel-Beugung und Fraunhofer-
Beugung unterschieden, je nachdem, ob die Ebene der Beobachtung nah oder weit ist 
und ob die Wellen wegen der Weite schon nahezu parallel sind oder nicht [14]. In 
meinen Versuchen war die Bakterienkolonie nicht weit vom Schirm, daher ist Fresnel-
Beugung beobachtet worden.         

Abb. 18: Beugungsbild von einem Haar (a), von einem Tuch (b), Struktur des Tuchs unter einem 
Mikroskop (c) und das Beugungsbild eines perfekten Gitters (d) im Vergleich.
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We perform ab initio image reconstruction with our 
“Shrinkwrap” algorithm

qx (1/µm) 0 2 4 6 8

0 5 10 15θx (deg)

Marchesini et al. Phys Rev B 68 140101 (2003) 
Chapman et al, Nature Physics 2 839 (2006)



Crystals give Bragg spotsSingle particles give continuous diffraction patterns



Crystals give Bragg spots



Solution scattering gives single-molecule diffraction, but 
orientationally averaged



Aligned molecules yield a single-molecule pattern



How well aligned do you need?
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The data were phased by molecular replacement using a truncated
version of the 1.9 Å structure (PDB accession code 3ARC)6. Rigid body
refinement (phenix.refine) was performed for both the dark and double-
flash structures (see Methods for further details on molecular replace-
ment and refinement). To reduce model bias, we calculated omit maps
and simulated annealed maps (SA-omit maps) for the dark and double-
flash data, deleting the coordinates of the Mn4CaO5 cluster from the
model.

Figure 2a–c shows the arrangement of protein subunits and cofactors
of photosystem II, including the electron transport chain. The com-
parison of the electron density maps for the dark state (green) and the
double-flash state (white) at a contour level of 1.5s is shown in Fig. 2d–f.
Both maps show clear electron densities for the transmembrane heli-
ces as well as loops and cofactors. Additional electron density maps for
representative structural elements of PSII are shown in Extended Data
Figs 5, 6, 7 and 8. Overall, the protein fits into the electron densities for
the dark and double-flash states and matches with the high resolution
structural model. However, differences appear in regions of the Mn4CaO5
cluster and the acceptor side, where the quinones and the non-haem iron
are located. Determining the significance of these changes and their cor-
relations is complicated due to the resolution limit of the data. Figure 2g–i
shows detailed views of the loops at the acceptor side of PSII. The quinones

are not visible at the current resolution of 5 Å. The maps indicate dif-
ferences between the electron densities of the dark and double-flash states
in the loop regions and also in the position of the non-haem iron that is
coordinated by the loops.

We now focus on the structure in the undamaged dark S1 state of the
metal cluster in the OEC and the potential light-induced structural changes
that may occur during the S-state transition. Extended Data Fig. 8 shows
the SA-omit map of the OEC in the dark S1 state for the Mn cluster in
PSII with the 1.9 Å X-ray structure in ref. 6. Interestingly, the electron-
density map of the dangler Mn atom from the 1.9 Å structure is located
outside the dark S1 state electron density, a feature also visible in the
electron density map of ref. 13. These structural observations are con-
sistent with spectroscopic results, which indicate that the distance between
the dangler Mn and the Mn3OxCa distorted cubane is indeed shorter in
the dark S1 state than in the 1.9 Å structure based on the synchrotron
data, which might be influenced by X-ray induced reduction of the Mn
ions in the metal cluster18,19. This shorter distance is in agreement with
density function theory (DFT) studies4,18,20 based on the 1.9 Å structure
of PSII6, however, the current resolution limit of 5 Å does not allow a
quantitative assessment.

The mechanism of water splitting is intensely debated and many models
have been proposed. The recent 1.9 Å X-ray structure6 formed the basis
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Figure 2 | Overall structure and omit map electron density of photosystem II.
a, Transmembrane helices and cofactors in photosystem II (stromal view
density map). The proteins are named according to their genes and labelled
with coloured letters. b, Side view of PSII at its longest axis along the membrane
plane. c, Electron transport chain of PSII (P680 (blue), accessory chlorophylls
(olive-green), pheophytins (yellow) and plastoquinones PQA (white) and
PQB (cyan)); atoms of the OEC are depicted as spheres (Mn purple, Ca green,

O light red). d–f, Omit map electron densities (view as in b) at 1.5s for the dark
state (S1) (green) (d), double-flash state (putative S3 state) (white) (e) and
overlay of the two omit maps (f). g–i, Omit maps (1.5s) of the electron
acceptor side of photosystem II for the dark (S1) (green) (g), double-flash
(putative S3 state) (white) (h) and overlay of the two omit maps (i). Note that
changes include a shift of the electron density of the non-haem iron.
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Even bad crystals should attain the required level of 
alignment

Extended Data Figure 2 | Background corrected diffraction pattern of a
photosystem II microcrystal. a, b, From the dark (S1) data set (a) and the
double-flash data set (b) collected at the CXI instrument at LCLS. The

resolution is indicated by red and yellow rings corresponding to resolution
shells in Å 10, 9, 8 (red), 7 (orange), 6, 5, 4 (yellow). The right panel shows an
enlarged view of the diffraction patterns (see blue box).
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Extended Data Figure 2 | Background corrected 
diffraction pattern of a photosystem II microcrystal Kuptiz et al, Nature 513, 261 (2014)
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Even bad crystals should attain the required level of 
alignment
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Crystal diffraction is sensitive to atomic displacements
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Even bad crystals should attain the required level of 
alignment

Extended Data Figure 2 | Background corrected diffraction pattern of a
photosystem II microcrystal. a, b, From the dark (S1) data set (a) and the
double-flash data set (b) collected at the CXI instrument at LCLS. The

resolution is indicated by red and yellow rings corresponding to resolution
shells in Å 10, 9, 8 (red), 7 (orange), 6, 5, 4 (yellow). The right panel shows an
enlarged view of the diffraction patterns (see blue box).
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Extended Data Figure 2 | Background corrected 
diffraction pattern of a photosystem II microcrystal Kuptiz et al, Nature 513, 261 (2014)
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You can see a lot just by looking



By averaging thousands of patterns, a strong single 
molecule diffraction pattern emerges

Anton Barty 
Oleksandr Yefanov



By averaging thousands of patterns a strong single 
molecule diffraction pattern emerges

Anton Barty 
Oleksandr Yefanov



The orientational symmetry of the crystal is preserved, 
but not the translational symmetry



The rigid-body unit is consistent with the photosystem II 
dimer
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We performed iterative phasing of the “single molecule” 
diffraction

Phasing pipeline: 
1. Obtain 4.5 Å refinement from Bragg peaks 
2. Generate a support 
3. Iterative phasing to 3.3 Å (using Elser’s difference map) 
4. Improve the molecular model

support

Real space constraint Reciprocal space constraint (nth iterate)

g = 1 g = 2Elser, JOSA A 20 (2003) 
Elser & Millane, Acta Cryst A 64 (2008)

… 

Kartik Ayyer
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Electron density map from Bragg peaks alone (4.5 Å)

Kartik Ayyer 
Dominik Oberthuer



The low-resolution support constrains the phases

Obtained by convolving 4.5 Å MR 
map with Gaussian of width 4.4 Å 
(i.e. 8.9 Å resolution)



Electron density map including continuous diffraction

Kartik Ayyer 
Dominik Oberthuer



The extended-resolution structure is superior

Higher diffraction sampling  — model free phasing 
        — more reliable structure determination 

Resolution not limited by the crystal, just detector extent and shots 
The best crystal is a “bad” crystal
Number of molecules per shot: 1 μm3 ⨉ 4 / (9.2 ⨉ 106 Å3) = 4 ⨉105

Bragg and 
continuous 
(3.5 Å)

Bragg only 
(4.5 Å)



The extended-resolution structure is superior

Bragg only (4.5 Å) Bragg and 
continuous 
(3.5 Å)

Pheophytin	A	ligand

chlorophyll	ligand



Aligned single particle diffraction overcomes the 
information deficit and crystallisation bottlenecks

Higher diffraction sampling   
   — More information than required to describe the object 
   — model free phasing 

  — more reliable structure determination 
 — first new phasing since MAD 

Resolution not limited by crystal quality, just detector extent and 
number of shots 
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