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X-ray diffraction led to the discovery of the double helix

Photograph 51, the X-ray image produced by Rosalind Franklin and her 
PhD student Raymond Gosling in 1952. The cross pattern visible on the X-

ray highlights the helical structure of DNA. 
Wellcome Images http://dataphys.org/list/watson-and-cricks-3d-model-of-dna/

Rosalind Franklin
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& Francis Crick



The first protein structure to be determined was 
haemoglobin, in 1959

Max Perutz





X-ray NMR Electron

Over 100,000 macromolecular structures have been 
solved using synchrotron sources
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High radiation dose causes changes in molecular 
structure 

Axford et al. Acta Cryst. D68 592 (2012) 
Diamond Light Source (courtesy Robin Owen & 
Elspeth Garman)

Crystal of Bovine enterovirus 2 (BEV2) after 
subsequent exposures of 0.5 s, 6 ⨉ 108 ph/μm2 
300 kGy dose 
Room temperature 

Cryogenic cooling gives 30 MGy tolerance



X-ray free-electron lasers may enable atomic-resolution 
imaging of biological macromolecules

50 fs2 fs 5 fs 10 fs 20 fs

R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)



X-ray free-electron lasers may enable atomic-resolution 
imaging of biological macromolecules

Noisy diffraction pattern

XFEL pulse

Particle injection

Scheme proposed in R. Neutze, 
R. Wouts, D. van der Spoel, E. Weckert, 
J. Hajdu,  Nature 406 (2000)
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Over-constrained: more knowns than unknowns

Single particles give continuous diffraction patterns



Crystals give Bragg spots

I(q) = |⇢̂(q)|2⇢(x)



Crystals give Bragg spots

F�1

F�1{I(q)} = ⇢(x)⌦ ⇢⇤(�x) I(q) = |⇢̂(q)|2

Under-constrained: fewer knowns than unknowns



Phasing is achieved using iterative algorithms

1 micron

1 micron

SEM of structure etched into silicon 
nitride membraneChapman et al. Nature Physics 2 839 (2006)



Recent hard X-ray experiments show high-resolution 
diffraction 

crystals	by	Petra	
Fromme

3.0	Å	resolu4on

Photosystem	I	
9.3	keV	
Single	shot	pa>ern		
~1	mJ	(5	×	1011	photons)	
40	fs	
2	×	1017	W/cm2	
25	GW	X-ray	pulse



Gas-focused
liquid jet

pump laser

X-ray FEL

Focusing
optic

Detector

Serial crystallography is made possible by four key 
technologies

3 µm jet 1 µm X-ray beam

0.2 - 2 µm crystals

Boutet et al Science (2012) 
Chapman, Fromme et al Nature (2011)1. Bright source 

2. Sample delivery 
3. Integrating detector 
4. Software

Gas-focused	
liquid	jet

pump	laser





Intensities are merged into a “3D powder” pattern



Merged&structure&factors&from&175,000&single7shot&pa:erns&

Structures have been obtained by in vivo grown crystals

Trypanosoma 
brucei cathepsin B 
obtained from in 
vivo grown crystals

0.25 µm

Redecke,	Nass	et	al.	Science	
(2013)



We have obtained time-resolved SFX structures of 
photoactive yellow protein (PYP)

Experiments led by Marius 
Schmidt, U. Wisconsin 
Tenboer et al Science 
346 1242 (2014) 

Pande et al Science 352 
725 (2016)

Difference electron 
density map 
1.6 Å resolution 

> 250,000 patterns 
R = 15 to 20% 

Reaction initiaion: 40% 
(18% pR1, 22% pR2) 

crystals <3 μm

observed difference structure factor amplitudes
during refinement (SM). The structural results of
the refinement are summarized inT1 Table 1. For
the shortest time delays (up to about 450 fs), the
PYP chromophore tail adopts a highly strained,
twisted trans configuration, in which the C1 - C2 =
C3 - C1′ torsional angle ftail (shown by the red line
spanning these four atoms in Fig. 1B) is ~140°. The
position of the C2 = C3 double bond in PYPfast is
displaced by ~1 Å behind the chromophore plane
(loosely defined by the Cys69 sulfur, the tail car-
bonyl oxygen, and the atoms of the phenyl ring;
Fig. 2, A to C).Hydrogen bonds toGlu46 andTyr42,
which are unusually short in the reference (dark)
structure (24), are substantially elongated from
2.5 to 3.4 Å (Table 1). This structure is primed for
the transition to cis. During the structural transi-
tion, substantial rotation about the double bond
takes place. The head of the chromophore pivots
about tail atom C2 and thereby aligns the C2 = C3
bond along the tail axis. Simultaneously, the head
rotates about the C3 - C1′ single bond. (The complex
motions can be effectively illustrated by using an
educator’s stick model set, see fig. S3). The phe-
nolate oxygen (Fig. 1B, O4′) moves even further
away (3.6 Å, Table 1) fromGlu46 (Fig. 2, D to F, and
fig. S9, C and D), thereby breaking the hydrogen
bond. At time delays longer than about 700 fs, ftail
has decreased to ~50° (PYPslow, Fig. 3), which is
characteristic of a cis configuration. PYPslow re-

laxes further toward the 3-ps structure (PYP3ps),
in which the hydroxyl oxygen of the head re-
establishes its hydrogenbondwithGlu46 (Fig. 2G).
ftail changes slightly to ~35°. The PYP3ps structure
is already very similar to the early structures de-
rived with 100-ps time resolution by independent
synchrotron-based approaches (Table 1; Protein
Data Bank entries 4I38 and4B90) (22, 23) andhas
evolved only slightly from PYPslow by establishing
shorter hydrogen bonds to Tyr42 and Glu46.
The structures derived from the refinements

confirm that the transition at around 550 fs is in-
deed associated with a trans–to-cis isomerization.
Theoretical considerations (20) (fig. S8) suggest
that during isomerization, the PYP chromophore
relaxes through a conical intersection between the
electronically excited state PES and the ground
state PES. Accordingly, structures between 100 and
400 fs can be identified as electronically excited,
whereas the structures at time delays >700 fs can
be identified with the electronic ground state. In
both the excited and ground states, structural
changes (i.e., translation of atoms) may also have
occurred. Our experiments identified the ultra-
fast dynamics of both the excited state structures
and the ground state structures (Figs. 2 and 3).
Because we restricted our pump laser pulses to
moderate power, we avoided damaging nonlinear
effects (e.g., two-photon absorption), and most
excited molecules populate the excited state sur-

face S1 (5). Part of the stored energy is used to
rapidly displace the chromophore by about 0.7 Å
within the crowded molecular environment in
the interior of PYP (Fig. 2A and Table 1). If this
initial displacement is complete after 250 fs, the
chromophore must have experienced an acceler-
ation of ~2 × 1015 m/s2 and attains a final velocity
of 500m/s (SM). Figure 1B shows that nine carbon
atoms, two oxygen atoms, and seven hydrogen
atoms (molecularmass = 147 g/mol) are displaced.
During the first few hundred femtoseconds, the
force on the chromophore is ~500 pN, which is
enormous compared to forces in single molecules
at thermal equilibrium, which are usually only a
few piconewtons (35). The origin of the force is
due to the change of the potential energy surface
when the chromophore is excited to the electron-
ic excited state, which affects the intra- and inter-
molecular interactions of the chromophore as also
inferred from ultrafast Raman spectroscopy (3).
The energy required to displace the chromophore
is ~0.2 eV, which is ~10% of the blue photon
energy (2.76 eV) that starts the reaction. It ap-
pears that by rapidly evolving down the excited
state PES, part of the photon energy is initially con-
verted into kinetic energy,which is then releasedby
collision of the chromophore atoms with the sur-
rounding protein atoms that make up the chro-
mophore pocket. The excited chromophore loses
0.12 eV of energy by intramolecular vibrational
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Fig. 2. Trans-to-cis isomerization in PYP.Weighted DED maps in red (–3s)
and blue (3s); front (upper) and side view (lower). Each map is prepared
from about the same number of diffraction patterns, except the 3-ps map
(table S1, B and C). The reference dark structure is shown in yellow through-
out; structures before the transition and still in the electronic excited state
PES are shown in pink; structures after the transition and in the electronic
ground state PES are shown in light green. Important negative difference
density features are denoted as a and positive features as b in (B) and (G).
Pronounced structural changes are marked by arrows. (A to C) Time de-

lays before the transition. (A) Twisted trans at 142 fs, ftail 154°. (B) Twisted
trans at 269 fs, ftail 140°, some important residues are marked; dotted
lines: hydrogen bond of the ring hydroxyl to Glu46 and Tyr42. (C) Twisted
trans at 455 fs, ftail 144°; dotted line: direction of C2=C3 double bond. (D
to G) Time delays and chromophore configuration after the transition.
(D) Early cis at 799 fs, ftail 50°. (E) Early cis at 915 fs; dotted line: direction
of C2 = C3 double bond. (F) Early cis at 1023 fs; for (E) and (F), ftail ~ 65°.
(G) 3-ps delay; dashed line: direction of C2=C3 double bond, feature b1; ftail
is 35°.
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energy redistribution on the sub–100-fs time scale
(36), which can be roughly estimated from the
Stokes shift by comparing absorption and fluo-
rescence spectra (3). Accordingly, ~85% of the
photon energy remains stored as strain and elec-
tronic excitation in the chromophore before isom-
erization occurs. On passing through the conical
intersection (20), the molecules either revert to-
ward the initial dark state (30% of the excited
molecules, Table 1 and table S3) or continue re-
laxing toward the cis isomer (70%), gradually re-
leasing the excess energy as heat. Because the
chromophore pocket tightly restricts the chro-
mophore head displacements, further structural
changesmust be volume-conserving; i.e., theymin-
imize the volume swept out by the atoms as they
move. Accordingly, the chromophore performs the
complex motions described above (fig. S3). Al-
though the energy stored in the chromophore is
sufficient to break the hydrogen bonds (~0.1 eV),
the spatial constraints imposed by the chromo-
phore pocket direct the reformation of the hydro-
gen bonding network at longer time delays (Table
1). This is a macromolecular cage effect reminis-
cent of the solvent cage effect in liquid chemical
dynamics (37). The macromolecular cage in PYP,
however, is soft enough to allow certain specific,
relatively large (up to 1.3 Å, Table 1) structural
changes. This contrasts with crystals of small mol-
ecules,where the stronger crystal lattice constraints
usually do not allow such large displacements.
Hence, biologicalmacromolecular crystallography
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Table 1. Geometry of PYP structures. The PYPfast structure was refined using a data bin spanning 100 to 400 fs with 81,327 snapshots and the
PYPslow structure from a bin spanning 800 to 1200 fs with 157,082 snapshots (table S1B). Structures of IT, pR0, and pB1 are from the Protein Data
Bank, with the accession code in parentheses (22, 23, 47). Uncertainties of the torsional angles can be estimated to be ±20° by displacing the four
atoms that define the angle with the coordinate error (0.2 Å). na, not applicable; nd, not determined..

PYPref

(dark)
PYPfast PYPslow PYP3ps PYP200ns

(fs laser)
pR1/pR2

IT
(4I38)

pR0
(4B90)

pB1

(1TS0)

Time delay 0 100–
400 fs

800–1200 fs 3 ps 200 ns 100 ps 100 ps ms

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Torsional angles (o)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

C1-C2=C3-C1′
(ftail)

172 136 53 35 3/–8 90 33 –27

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

O1-C1-C2=C3 –15 –21 28 30 12/–6 11 29 –10
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

CB-S-C1-C2 –185 –171 –164 –137 163/–165 –136 –123 180
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Hydrogen bonds (Å)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

pCA-O4′-Glu
46-Oe 2.50 3.40 3.60 2.94 4.97/2.88 2.73 2.73 8.03

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

pCA-O4′-Tyr
42-Oh 2.54 2.92 2.63 2.88 2.97/2.66 2.57 2.59 5.19

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

pCA-O1-Cys
69-N 2.77 3.11 2.50 3.12 3.37/4.29 3.04 3.05 2.88

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Others
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

<pCA>* (Å) 0 0.66 0.78 0.60 1.55/0.81 0.67 0.68 2.39
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

<Global>† (Å) 0 0.20 0.19 0.24 0.13 0.13 0.19 0.17
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Radius of gyration‡ (Å) 13.32 13.33 13.30 13.34 13.29 nd nd nd
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Volume (Å3) 17,831 17,856 17,833 17,838 17,672 17,830 17,683 17,807
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

DV to dark (Å3) 0 25 2 7 –159 –1 –148 –24
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Photoactivation yield (%)§ na 15.2 9.6 10.1 12.5‡ (5%)|| (10%)|| (10%)||
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*Mean displacement of equivalent chromophore atoms relative to dark (SM). †Mean displacement of equivalent ca atoms relative to dark (SM). ‡See SM for the
calculation. §Determined by by fitting calculated DED maps to the experimental DED maps in the chromophore region. ||Estimate.

Fig. 3. Trans–to-cis isomerization in PYP. Pink: twisted trans on excited state PES; light green: cis
on ground state PES. Torsional angle ftail (solid spheres) is from structural refinement at various
delays (table S3). Gray region: not time-resolved. Dashed line: fit with eq. S2, with a transition time
of about 590 fs (fig. S2). Insets: structures of PYPfast (pink), PYPslow, and PYP3ps (light green), and
dark-state structure PYPref in yellow. Difference electron density is shown in red (–3s) and blue (3s).
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Solution scattering gives single-molecule diffraction, but 
orientationally averaged



Aligned molecules yield a single-molecule pattern



Crystals provide a very high degree of alignment
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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

K. Ayyer et al. Nature 
530, 202 (2016)



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



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 

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



The continuous diffraction agrees with the simulated 
diffraction from the atomic model

Cross Correlation = 75% 

Measurement Model Difference
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There are many opportunities for extending imaging 
concepts to X-ray diffraction at the atomic scale

Measurements require care to eliminate background and record 
weak continuous diffraction  

Poorly diffracting crystals are better! 
 — More information than required to describe the object 
 — model free phasing 
 — more reliable structure determination 
 — first new phasing since MAD 
 — resolution better than you think 



We can reconstruct images of soot, viruses, and nanoparticles

Mimivirus Mimivirus

40
0n

m

Latex spheres

250 nm

Soot particle Mimivirus

470 nm

Reconstructions: Andrew Martin

pattern and a slice through Fourier space instead of using
one fluence per pattern; (ii) the calculation of the fluence
maximizes the likelihood function under the new distance
metric given in Eq. (1). The fluence ϕ is thus given as

ϕðK;MÞ ¼
P

iK
2
i =MiP
iKi

: ð2Þ

Regions that lacked data, such as the beam stop area, had
to be masked out for the analysis. We used a common mask
for all diffraction patterns since the size and shape of the
mask would otherwise bias the distance metric. The mask
used was the union of the masks of the individual patterns.
Figure 2 shows the three-dimensional assembly of the

diffraction patterns in the orientations recovered from the
data and intensities properly scaled by the recovered
fluence. The probability of achieving a full coverage of
fourier space from 198 diffraction patterns is calculated in
the Supplemental Material [15] to be 99.999991%. To
verify this full coverage all slices were also assembled,
giving each a thickness of one Shannon pixel. The
assembled space contained no uncovered regions, meaning
that the number of diffraction patterns was enough.
Phase Retrieval.—Noncrystalline objects produce over-

sampled diffraction patterns from which phases can be
directly recovered in an iterative process [16] where two
constraints are sequentially enforced. The first constraint is
that the Fourier amplitudes have to be consistent with the
collected data. The second constraint is to enforce a known
upper size limit of the sample.
We use an advanced version of the above algorithm

called the hybrid input output (HIO) algorithm [17] imple-
mented in theHAWK software package [18] and enhanced by
a positivity constraint [19]. The support was handled by a
Shrinkwrap algorithm [19] with the constraint to have a
specific area. The result was refined with 1000 iterations of
the error reduction (ER) algorithm [16].

The average Fourier error [20] was 0.019, and the ave-
rage real-space error [20] was 0.0048. The reconstruction
did not suffer from weakly constrained modes [21], mean-
ing that the missing information in the center of the
diffraction patterns could be completely recovered. This
conclusion is based on an analysis method described in [7].
The iterative phase retrieval was repeated 200 times with
independent random starting phases. Real-space error,
Fourier-space error and unweighted pairgroup method with
arithmetic mean (UPGMA) clustering show only one
outlier. The average of the 199 successful and similar
3D reconstructions is shown in Fig. 3. No symmetry was
imposed during the assembly of the 3D data set. Object
symmetry was instead recovered from the measured dif-
fraction data in the EMC process. The map reveals an
asymmetric internal structure with a shift of density to one
side of the particle along a pseudo-fivefold axis.

FIG. 2 (color). The assembled three-dimensional diffraction
space. (a) The first ten patterns are shown in their best recovered
orientations. Each diffraction pattern represents a slice through
the squared modulus of the 3D Fourier transform of the electron
density. (b) All 198 diffraction patterns plotted with a section cut
out to show the central part of diffraction space. Diffraction
symmetry and object symmetry can be directly recovered from
the measured diffraction data in the EMC process.

FIG. 3 (color). Reconstructed electron density. (a) The electron
density of the mimivirus is recovered to a full-period resolution of
125 nm. The figure shows a series of isosurfaces, where blue
represents denser regions and white represents lower density. The
reconstruction shows a nonuniform internal structure, and the line
indicates the pseudo-fivefold axis. (b) A projection image of the
recovered electron density. (c) A slice through the center of the
recovered electron density.
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pattern and a slice through Fourier space instead of using
one fluence per pattern; (ii) the calculation of the fluence
maximizes the likelihood function under the new distance
metric given in Eq. (1). The fluence ϕ is thus given as

ϕðK;MÞ ¼
P

iK
2
i =MiP
iKi

: ð2Þ

Regions that lacked data, such as the beam stop area, had
to be masked out for the analysis. We used a common mask
for all diffraction patterns since the size and shape of the
mask would otherwise bias the distance metric. The mask
used was the union of the masks of the individual patterns.
Figure 2 shows the three-dimensional assembly of the

diffraction patterns in the orientations recovered from the
data and intensities properly scaled by the recovered
fluence. The probability of achieving a full coverage of
fourier space from 198 diffraction patterns is calculated in
the Supplemental Material [15] to be 99.999991%. To
verify this full coverage all slices were also assembled,
giving each a thickness of one Shannon pixel. The
assembled space contained no uncovered regions, meaning
that the number of diffraction patterns was enough.
Phase Retrieval.—Noncrystalline objects produce over-

sampled diffraction patterns from which phases can be
directly recovered in an iterative process [16] where two
constraints are sequentially enforced. The first constraint is
that the Fourier amplitudes have to be consistent with the
collected data. The second constraint is to enforce a known
upper size limit of the sample.
We use an advanced version of the above algorithm

called the hybrid input output (HIO) algorithm [17] imple-
mented in theHAWK software package [18] and enhanced by
a positivity constraint [19]. The support was handled by a
Shrinkwrap algorithm [19] with the constraint to have a
specific area. The result was refined with 1000 iterations of
the error reduction (ER) algorithm [16].

The average Fourier error [20] was 0.019, and the ave-
rage real-space error [20] was 0.0048. The reconstruction
did not suffer from weakly constrained modes [21], mean-
ing that the missing information in the center of the
diffraction patterns could be completely recovered. This
conclusion is based on an analysis method described in [7].
The iterative phase retrieval was repeated 200 times with
independent random starting phases. Real-space error,
Fourier-space error and unweighted pairgroup method with
arithmetic mean (UPGMA) clustering show only one
outlier. The average of the 199 successful and similar
3D reconstructions is shown in Fig. 3. No symmetry was
imposed during the assembly of the 3D data set. Object
symmetry was instead recovered from the measured dif-
fraction data in the EMC process. The map reveals an
asymmetric internal structure with a shift of density to one
side of the particle along a pseudo-fivefold axis.

FIG. 2 (color). The assembled three-dimensional diffraction
space. (a) The first ten patterns are shown in their best recovered
orientations. Each diffraction pattern represents a slice through
the squared modulus of the 3D Fourier transform of the electron
density. (b) All 198 diffraction patterns plotted with a section cut
out to show the central part of diffraction space. Diffraction
symmetry and object symmetry can be directly recovered from
the measured diffraction data in the EMC process.

FIG. 3 (color). Reconstructed electron density. (a) The electron
density of the mimivirus is recovered to a full-period resolution of
125 nm. The figure shows a series of isosurfaces, where blue
represents denser regions and white represents lower density. The
reconstruction shows a nonuniform internal structure, and the line
indicates the pseudo-fivefold axis. (b) A projection image of the
recovered electron density. (c) A slice through the center of the
recovered electron density.
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