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

Max Perutz



X-ray NMR Electron

Over 200,000 macromolecular structures have been deposited in the 
PDB, providing a database for deep learning
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Q8W3K0: A potential plant disease 
resistance protein. Mean pLDDT 82.24.

J. Jumper at al 
Nature 596 583 (2021)
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X-ray sources have developed at a staggering pace since their discovery in 1895
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exposure and the sample would be destroyed,
yet interpretable diffraction data could be re-
covered if the XFEL pulse had passed through
the sample before it had time to explode (28).
This idea, later coined as “diffraction before
destruction” (29), was verified experimentally
by observing how the diffraction power falls
off as protein crystals are exposed to XFEL
pulses from 70 to 300 fs (1 fs = 10−15 s) in du-
ration (30).
For macromolecular crystallography studies,

the problem of sample destruction was ad-
dressed by continuously injecting a stream
of micrometer-sized crystals (microcrystals)
across a focused XFEL beam using a microjet
(31, 32) (Box 2). Diffraction data were read out
at the repetition rate of the XFEL source (5),
and data from a large number of microcrystals
were merged together to recover complete dif-
fraction data (33). This approach was called
serial femtosecond crystallography (SFX) (34),
because data were collected in a serial fashion
using XFEL pulses a few femtoseconds in du-
ration. The first SFX structures were deter-
mined at low resolution (5, 35), but the method
was extended to high resolution (36–38) as
soon as an experimental station operating
with an x-ray wavelength near 1 Å was com-
missioned (39). Several SFX structures have
since been solved to high resolution (40–42),
crystallographic phasing with XFEL radiation
has been demonstrated (43–46), and phasing
approaches that exploit the information re-
corded between diffraction spots have been
described (47, 48).

Time-resolved serial femtosecond
crystallography

Serial crystallography addresses many of the
technical hurdles that limited the broader
application of time-resolved Laue diffraction.
First and foremost, because microcrystals are
continuously replaced (Box 2 and Fig. 2A),
serial crystallography completely removes
the constraint that a system of study must
return to its resting state in order to cycle data-
collection protocols. The extreme sensitivity
of Laue diffraction to crystal disorder was also
sidestepped by using quasi-monochromatic
XFEL pulses, which typically have a photon
energy bandwidth ~0.1% of the x-ray pho-
ton energy, almost two orders of magnitude
narrower than the range often used in Laue
diffraction studies at synchrotron sources. Con-
versely, new challenges arose inworking with
these data (49) owing to large shot-to-shot
energy and spectral fluctuations in the XFEL
source (6), variations in microcrystal quality,
the random sampling of crystal orientation,
and the fact that crystals do not have time to
rotate during a femtosecond exposure and thus
only partial diffraction intensities are collected.
A landmark demonstration of time-resolved
SFX (TR-SFX) used microcrystals of PYP to
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Box 1. Synchrotron and x-ray free-electron laser radiation.

When electrons oscillate, they radiate electromagnetic radiation. This principle is used in all broadcasting
devices, including television antennae and mobile telephones. At large x-ray user facilities, an electron bunch
is accelerated to relativistic energies and passed through a periodic array of magnets (undulators) that are
aligned in opposite directions within an array (Fig. 1). These alternating magnetic fields cause passing
electrons to oscillate, and their relativistic energies mean that x-rays are generated. Synchrotrons are
circular machines typically 500 to 1400 m in circumference, and most experimental instruments use
undulators that are <5 m long. XFELs are driven by linear accelerators from 700 to 3400 m long that
direct electrons into undulators typically 50 to 150m in length. Linear accelerators produce far more compact
electron bunches (~10 fs in duration) than do synchrotrons (~100 ps in duration), and hence XFEL pulses are
several orders of magnitude shorter. The longer undulators used at XFELs facilitate a feedback mechanism
whereby x-rays produced early in the undulator interact with the electron bunch, and a coherent process of
lasing arises. Lasing produces many orders of magnitude more x-ray photons, with XFELs operating at ~1-Å
wavelength usually delivering 1011 to 1012 x-ray photons per pulse for user experiments.

Fig. 1. Schematic illustrating how x-rays are generated at user facilities. (A) A synchrotron radiation
source. (B) An XFEL source. Approximate length scales are indicated.

Box 2. Sample delivery.

In conventional macromolecular crystallography, a single crystal is cooled to cryogenic temperature,
exposed to a monochromatic x-ray beam, and rotated to sample diffraction from multiple orientations. A
single exposure to a focused XFEL beam will destroy a protein crystal (5, 28), and therefore the sample
must be continuously replaced. One approach is a liquid microjet (31, 32) that continuously injects a
stream of microcrystals across an XFEL beam (5). Innovative sample-delivery developments have realized
microjet injectors for viscous samples (118) and increasingly sophisticated mix-and-inject systems
(97, 98, 101, 103, 119–122) that blend a solution containing microcrystals with another containing substrate
or other reagents before delivery across an x-ray beam. Fixed-target platforms are increasingly popular and
involve premounting microcrystals on a chip that is physically translated between each x-ray exposure
(81, 100, 110–112, 123, 124). Continuously circulating tape has also been used to pass microcrystal droplets
through an x-ray beam (87, 99). As these platforms mature, it seems likely that user convenience will lead to
widespread use of a smaller number of standardized sample-delivery systems.
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Polychromatic (Laue) diffraction gives 3D information in a single shot
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Time-resolved structures let us see functioning proteins 

short-lived: It departs by 32 ns and migrates
around the heme to sites 4 and 5 (Xe1), where
it persists for microseconds. Ligand migra-
tion from Xe4 to Xe1 presumably requires a
protein fluctuation to permit passage around
the heme, an event that occurs within a few
tens of nanoseconds. The Xe4 intermediate
observed here has not been seen in wild-type
Mb, where the rate of CO escape from the
primary docking site is slow compared with
the rate of CO migration from Xe4 to Xe1.
Therefore, L29F-induced destabilization of
CO in the primary docking site made it pos-
sible to characterize the protein dynamics
associated with CO passage around the heme.
Because CO remains sequestered in hydro-
phobic cavities at 3.16 !s (see Fig. 4G),
time-resolved structures at longer times will
be needed to identify pathways for ligand
escape into the surrounding solvent.

In earlier work, the Xe1 site was shown
to harbor CO indirectly through mutagene-
sis and Xe studies (18), as well as directly
by pioneering nanosecond time-resolved
crystallographic studies (19). In addition,
cryocrystallography studies of photolyzed
L29W (20) and L29Q MbCO (21) found
CO in the Xe4 site, whereas studies of
wild-type horse MbCO found CO in the

Xe1 site (22). When photolysis of L29W
MbCO was followed by thermal cycling
above the Mb glass transition temperature,
CO was found to migrate from Xe4 to Xe1
(20), as observed here in real time. The
highly strained intermediate observed in
our 100-ps snapshot has not yet been
trapped under cryogenic conditions, and it
is unlikely that it could be. Moreover,
cryocrystallography cannot assess protein
dynamics under physiologically relevant
conditions where thermally driven confor-
mational fluctuations lead to rapid inter-
conversion among conformational sub-
states (23). Nevertheless, the method of
cryocrystallography, with its higher spatial
resolution, is a useful complement to time-
resolved crystallographic methods.

The static structures of thousands of pro-
teins are known, yet there is no single protein
whose function is fully understood at an ato-
mistic and deterministic level. In this time-
resolved study, the interplay between a pro-
tein and a docked ligand is clearly revealed,
with picosecond correlated side-chain motion
providing a structural explanation for the ul-
trafast departure of docked CO. By extending
the time-resolution of crystallography into a
time domain readily accessible to molecular

dynamics simulations, we pave the way for
exploring functionally important structure
transitions both theoretically and experimen-
tally. Whereas the time resolution of macro-
molecular crystallography at the ESRF is, for
all practical purposes, currently limited by
the x-ray pulse duration to "100 ps, the
chemical time scale will be accessible to
x-ray free electron lasers, which promise to
deliver intense x-ray pulses shorter than 100
fs (24 ).
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Fig. 4. (A) Experimen-
tally determined elec-
tron densities within
a 6.5-Å-thick slice
through the myoglobin
molecule before (ma-
genta) and 100 ps af-
ter (green) photolysis.
Where these densities
overlap, they blend to
white. The white-stick
model corresponds to
the unphotolyzed struc-
ture and is included to
guide the eye. The di-
rection of molecular
motion follows the ma-
genta-to-green color
gradient. Three large-
scale displacements
near the CO-binding
site (large arrows) are
accompanied by more
subtle correlated rear-
rangements throughout
the entire protein (small
arrows; not drawn to
scale). (B toG) Enlarged views of the boxed region in panel (A) at time delays specified in the
lower left of each panel. (B) Upon photolysis, the bound CO (magenta; site 0) dissociates and
becomes trapped about 2 Å away in a docking site (green; site 1), close to the Phe29. To
accommodate the docked CO, the Phe29 is displaced and rotates, pushing His64 outward,
which in turn dislodges a bound surface-water molecule (magenta). The electron density
surrounding Phe29 appears to arise from a mixture of two conformations, one rotated and
displaced towardHis64 and the other already relaxed to a conformation near the deoxy state.
(C to E) From 316 ps to 3.16 ns, the structural changes are largely confined to the vicinity of
the binding site. As the CO migrates from site 1 to site 3 (Xe4), the Phe29 and His64 relax
toward their deoxy conformations, which are similar to their unphotolyzed states. (F and G)
Structures acquired after nanosecond photolysis of a second protein crystal. By 31.6 ns, CO hasmigrated to sites 4 and 5, where it remains trapped for microseconds.
The magenta and green maps were contoured at the same absolute level (1.5 # of the unphotolyzed density) using O 7.0, author A. Jones. [See Movie S1 to view
the time-dependent electron density changes.]
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Schotte, et al et Anfinrud, Science 300 1944 (2003)
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optical pump

Synchrotron 
X-ray pulses

(100 ps)

•Polychromatic X-ray beam

• Large crystal to reduce 
radiation dose


•Crystal larger than optical 
extinction depth



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

Diffraction 
pattern

X-ray beam

Protein crystal



David Sayre proposed to use crystallographic phasing methods on general 
non-periodic objects

John Miao, P. Charalambous, 
J. Kirz and D. Sayre,  
Nature 400 (1999) 

D. Sayre and H. N. Chapman. “X-ray microscopy”  
Acta Cryst A 51, 237 (1995).

Successful reconstruction using Fienup’s hybrid input-
output iterative phase retrieval algorithm
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as a few milliseconds, which is often fast enough that 
damage does not affect the image. 

4. Diffractive methods 

The preceding methods are based primarily on observ- 
ing the loss of photons from the incident photon stream 
or on the observation of lower-energy emission particles. 
The present section takes up two methods that, like X-ray 
crystallography, image on the basis of the addition rule 
for coherent scattering (Note 3). 

(a) The analog of  X-ray crystallography for  nonperi- 
odic structures. As is well known, given a single finite 
structure and a crystal composed of repeated occurrences 
of the structure, the diffraction pattern Y2c of the crystal 
will consist of a greatly amplified Bragg sampling of 
the pattern Y2s of the original nonperiodic structure; 
in view of the sampling, Y2s (although more difficult 
to measure because of its lower amplification) actually 
contains information not present in ~2c. Hence, in cases 
where a crystal is not available but the single finite 
structure is, it is plausible that its pattern Y2s may make 
a very suitable substitute for Y2c as a basis for imaging 
the structure. Because of its faintness, Y2s does not 
extend to as high a resolution as the crystal pattern. 
Even so, the possibility exists of a highly important 
extension of X-ray crystallography, although at reduced 
resolution. The extension can be thought of as the 
X-ray crystallography of 'crystals'  consisting of a single 
asymmetric unit or 'single-copy' or 'single-a.s.u.' X-ray 
crystallography. 

Based on these thoughts, an early form of which 
was expressed by Sayre (1980), gradual progress has 
been made in developing the technique for observing 
diffraction patterns from single instances of micrometer- 
size specimens. Work has concentrated on using single 
biological cells as the diffracting objects. The first pat- 
terns of this type were obtained from single small 
diatoms (Yun, Kirz & Sayre, 1987) and some years later, 
with an improved apparatus, from single ordinary small 
cells (Sayre, 1991). Current work is being done with 
single sperm and muscle cells (Chapman et al., 1993). 

Basically, the technique requires an intense source 
of illumination plus design precautions to ensure that 
(a) the photons incident on the specimen are narrowly 
confined in energy and direction, and (b) no particles 
other than photons diffracted by the specimen reach 
(or are recorded by) the detector. The former condition 
(Sayre, Yun & Kirz, 1988) is to produce a single well 
defined sphere of reflection and the latter is to allow the 
faint diffraction pattern to be seen above noise; together 
these are to prevent the continuous nature and the 
faintness of the diffraction pattern from interfering with 
observation of the pattern. Fig. 2 shows in schematic 
form the approach currently in use in this work. 

To complete the overview of the method, it is neces- 
sary to consider the phasing of the diffraction pattern to 

allow computation of the image. The following approach 
has not yet been tried but it is hoped to begin a trial 
soon.* 

It has been known for the last decade that a combina- 
tion of oversampling in Fourier space and a reasonably 
good envelope in direct space makes a powerful phasing 
situation. In two or higher dimensions, sampling the 
diffraction intensity at twice the Bragg frequency of any 
lattice on which the structure can be repeated without 
overlap suffices in principle to determine the phasing 
(Hayes, 1982; Bates, 1982). (Here, twice the Bragg 
frequency means 4x  oversampling in 2D, 8x  in 3D etc.) 
An extensive literature on computer phasing algorithms 
based on this result now exists (see e.g. Idell, 1994). 

A moment 's  thought will show that diffraction with 
non-crystallograpic specimens is very well suited to this 
phasing situation. Oversampling is available through the 
continuity of the diffraction pattern, and because of the 
nonperiodicity the specimen possesses an envelope that 
can be observed directly in a light, X-ray or electron 
microscope. Should the method prove successful, non- 

* Note added in proof'. Early tests of the approach carded out with 
simulated 2D data sets have now given encouraging results. 

Opaque 
Frame J Area 

Pinhole ~ Detector 

Diffraction Camera Exit Sli on 
\ J  Camera 

Undulator ~ n ~ e h r o m a t o r  
Electron Orbit 

Fig. 2. Experimental set-up for observing the diffraction pattern ~2s 
of a non-crystallographic specimen. The intense, sharply forward- 
pointing, undulator radiation plus the monochromator provide a stream 
of photons in a narrow range of energy and direction; the opaque frame 
of the specimen-bearing window (the window opening may typically 
be 0.25 × 0.25 mm) protects most of the detector from photons other 
than those diffracted by the specimen. In addition, in the usual case 
where there are multiple specimens on the specimen window, a small 
(15 ~m) pinhole is placed upstream of the window to allow a single 
specimen to be illuminated, and an x-y positioner for the window is 
provided to allow placing of the desired specimen in the beam. To 
date, angular positioners for the specimen, to allow full 3D collection 
of f2s, have not been provided; for a stationary specimen (collecting 
on a single reflecting sphere), typical exposure times are 10 min. The 
apparatus is evacuated to allow soft X-rays (typically to date 18-25 A 
wavelength) to be used, and specimens have been air-dried. There 
is no obstacle, however, to maintaining specimens in the future in a 
wet or frozen state by adding proper environmental chambers and/or 
cooling systems. The detector used to date has been special soft-X-ray- 
sensitive silver halide film (Kodak XUV T-100). In the next design, 
this will be replaced by a back-illuminated CCD detector to allow 
lower detector noise and faster data acquisition. 

Film!

CCD!

World’s first undulator, NSLS
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exposure and the sample would be destroyed,
yet interpretable diffraction data could be re-
covered if the XFEL pulse had passed through
the sample before it had time to explode (28).
This idea, later coined as “diffraction before
destruction” (29), was verified experimentally
by observing how the diffraction power falls
off as protein crystals are exposed to XFEL
pulses from 70 to 300 fs (1 fs = 10−15 s) in du-
ration (30).
For macromolecular crystallography studies,

the problem of sample destruction was ad-
dressed by continuously injecting a stream
of micrometer-sized crystals (microcrystals)
across a focused XFEL beam using a microjet
(31, 32) (Box 2). Diffraction data were read out
at the repetition rate of the XFEL source (5),
and data from a large number of microcrystals
were merged together to recover complete dif-
fraction data (33). This approach was called
serial femtosecond crystallography (SFX) (34),
because data were collected in a serial fashion
using XFEL pulses a few femtoseconds in du-
ration. The first SFX structures were deter-
mined at low resolution (5, 35), but the method
was extended to high resolution (36–38) as
soon as an experimental station operating
with an x-ray wavelength near 1 Å was com-
missioned (39). Several SFX structures have
since been solved to high resolution (40–42),
crystallographic phasing with XFEL radiation
has been demonstrated (43–46), and phasing
approaches that exploit the information re-
corded between diffraction spots have been
described (47, 48).

Time-resolved serial femtosecond
crystallography

Serial crystallography addresses many of the
technical hurdles that limited the broader
application of time-resolved Laue diffraction.
First and foremost, because microcrystals are
continuously replaced (Box 2 and Fig. 2A),
serial crystallography completely removes
the constraint that a system of study must
return to its resting state in order to cycle data-
collection protocols. The extreme sensitivity
of Laue diffraction to crystal disorder was also
sidestepped by using quasi-monochromatic
XFEL pulses, which typically have a photon
energy bandwidth ~0.1% of the x-ray pho-
ton energy, almost two orders of magnitude
narrower than the range often used in Laue
diffraction studies at synchrotron sources. Con-
versely, new challenges arose inworking with
these data (49) owing to large shot-to-shot
energy and spectral fluctuations in the XFEL
source (6), variations in microcrystal quality,
the random sampling of crystal orientation,
and the fact that crystals do not have time to
rotate during a femtosecond exposure and thus
only partial diffraction intensities are collected.
A landmark demonstration of time-resolved
SFX (TR-SFX) used microcrystals of PYP to
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Box 1. Synchrotron and x-ray free-electron laser radiation.

When electrons oscillate, they radiate electromagnetic radiation. This principle is used in all broadcasting
devices, including television antennae and mobile telephones. At large x-ray user facilities, an electron bunch
is accelerated to relativistic energies and passed through a periodic array of magnets (undulators) that are
aligned in opposite directions within an array (Fig. 1). These alternating magnetic fields cause passing
electrons to oscillate, and their relativistic energies mean that x-rays are generated. Synchrotrons are
circular machines typically 500 to 1400 m in circumference, and most experimental instruments use
undulators that are <5 m long. XFELs are driven by linear accelerators from 700 to 3400 m long that
direct electrons into undulators typically 50 to 150m in length. Linear accelerators produce far more compact
electron bunches (~10 fs in duration) than do synchrotrons (~100 ps in duration), and hence XFEL pulses are
several orders of magnitude shorter. The longer undulators used at XFELs facilitate a feedback mechanism
whereby x-rays produced early in the undulator interact with the electron bunch, and a coherent process of
lasing arises. Lasing produces many orders of magnitude more x-ray photons, with XFELs operating at ~1-Å
wavelength usually delivering 1011 to 1012 x-ray photons per pulse for user experiments.

Fig. 1. Schematic illustrating how x-rays are generated at user facilities. (A) A synchrotron radiation
source. (B) An XFEL source. Approximate length scales are indicated.

Box 2. Sample delivery.

In conventional macromolecular crystallography, a single crystal is cooled to cryogenic temperature,
exposed to a monochromatic x-ray beam, and rotated to sample diffraction from multiple orientations. A
single exposure to a focused XFEL beam will destroy a protein crystal (5, 28), and therefore the sample
must be continuously replaced. One approach is a liquid microjet (31, 32) that continuously injects a
stream of microcrystals across an XFEL beam (5). Innovative sample-delivery developments have realized
microjet injectors for viscous samples (118) and increasingly sophisticated mix-and-inject systems
(97, 98, 101, 103, 119–122) that blend a solution containing microcrystals with another containing substrate
or other reagents before delivery across an x-ray beam. Fixed-target platforms are increasingly popular and
involve premounting microcrystals on a chip that is physically translated between each x-ray exposure
(81, 100, 110–112, 123, 124). Continuously circulating tape has also been used to pass microcrystal droplets
through an x-ray beam (87, 99). As these platforms mature, it seems likely that user convenience will lead to
widespread use of a smaller number of standardized sample-delivery systems.
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exposure and the sample would be destroyed,
yet interpretable diffraction data could be re-
covered if the XFEL pulse had passed through
the sample before it had time to explode (28).
This idea, later coined as “diffraction before
destruction” (29), was verified experimentally
by observing how the diffraction power falls
off as protein crystals are exposed to XFEL
pulses from 70 to 300 fs (1 fs = 10−15 s) in du-
ration (30).
For macromolecular crystallography studies,

the problem of sample destruction was ad-
dressed by continuously injecting a stream
of micrometer-sized crystals (microcrystals)
across a focused XFEL beam using a microjet
(31, 32) (Box 2). Diffraction data were read out
at the repetition rate of the XFEL source (5),
and data from a large number of microcrystals
were merged together to recover complete dif-
fraction data (33). This approach was called
serial femtosecond crystallography (SFX) (34),
because data were collected in a serial fashion
using XFEL pulses a few femtoseconds in du-
ration. The first SFX structures were deter-
mined at low resolution (5, 35), but the method
was extended to high resolution (36–38) as
soon as an experimental station operating
with an x-ray wavelength near 1 Å was com-
missioned (39). Several SFX structures have
since been solved to high resolution (40–42),
crystallographic phasing with XFEL radiation
has been demonstrated (43–46), and phasing
approaches that exploit the information re-
corded between diffraction spots have been
described (47, 48).

Time-resolved serial femtosecond
crystallography

Serial crystallography addresses many of the
technical hurdles that limited the broader
application of time-resolved Laue diffraction.
First and foremost, because microcrystals are
continuously replaced (Box 2 and Fig. 2A),
serial crystallography completely removes
the constraint that a system of study must
return to its resting state in order to cycle data-
collection protocols. The extreme sensitivity
of Laue diffraction to crystal disorder was also
sidestepped by using quasi-monochromatic
XFEL pulses, which typically have a photon
energy bandwidth ~0.1% of the x-ray pho-
ton energy, almost two orders of magnitude
narrower than the range often used in Laue
diffraction studies at synchrotron sources. Con-
versely, new challenges arose inworking with
these data (49) owing to large shot-to-shot
energy and spectral fluctuations in the XFEL
source (6), variations in microcrystal quality,
the random sampling of crystal orientation,
and the fact that crystals do not have time to
rotate during a femtosecond exposure and thus
only partial diffraction intensities are collected.
A landmark demonstration of time-resolved
SFX (TR-SFX) used microcrystals of PYP to
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Box 1. Synchrotron and x-ray free-electron laser radiation.

When electrons oscillate, they radiate electromagnetic radiation. This principle is used in all broadcasting
devices, including television antennae and mobile telephones. At large x-ray user facilities, an electron bunch
is accelerated to relativistic energies and passed through a periodic array of magnets (undulators) that are
aligned in opposite directions within an array (Fig. 1). These alternating magnetic fields cause passing
electrons to oscillate, and their relativistic energies mean that x-rays are generated. Synchrotrons are
circular machines typically 500 to 1400 m in circumference, and most experimental instruments use
undulators that are <5 m long. XFELs are driven by linear accelerators from 700 to 3400 m long that
direct electrons into undulators typically 50 to 150m in length. Linear accelerators produce far more compact
electron bunches (~10 fs in duration) than do synchrotrons (~100 ps in duration), and hence XFEL pulses are
several orders of magnitude shorter. The longer undulators used at XFELs facilitate a feedback mechanism
whereby x-rays produced early in the undulator interact with the electron bunch, and a coherent process of
lasing arises. Lasing produces many orders of magnitude more x-ray photons, with XFELs operating at ~1-Å
wavelength usually delivering 1011 to 1012 x-ray photons per pulse for user experiments.

Fig. 1. Schematic illustrating how x-rays are generated at user facilities. (A) A synchrotron radiation
source. (B) An XFEL source. Approximate length scales are indicated.

Box 2. Sample delivery.

In conventional macromolecular crystallography, a single crystal is cooled to cryogenic temperature,
exposed to a monochromatic x-ray beam, and rotated to sample diffraction from multiple orientations. A
single exposure to a focused XFEL beam will destroy a protein crystal (5, 28), and therefore the sample
must be continuously replaced. One approach is a liquid microjet (31, 32) that continuously injects a
stream of microcrystals across an XFEL beam (5). Innovative sample-delivery developments have realized
microjet injectors for viscous samples (118) and increasingly sophisticated mix-and-inject systems
(97, 98, 101, 103, 119–122) that blend a solution containing microcrystals with another containing substrate
or other reagents before delivery across an x-ray beam. Fixed-target platforms are increasingly popular and
involve premounting microcrystals on a chip that is physically translated between each x-ray exposure
(81, 100, 110–112, 123, 124). Continuously circulating tape has also been used to pass microcrystal droplets
through an x-ray beam (87, 99). As these platforms mature, it seems likely that user convenience will lead to
widespread use of a smaller number of standardized sample-delivery systems.
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X-ray free-electron lasers may enable atomic-resolution imaging of single 
biological macromolecules
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R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)



“Diffraction before destruction” was demonstrated with 
soft X-rays at DESY’s FLASH FEL
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Chapman et al, Nature Physics 2 839 (2006)



“Diffraction before destruction” was demonstrated with 
soft X-rays at DESY’s FLASH FEL



Images were reconstructed with our “Shrinkwrap” algorithm
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With femtosecond pulses, exposures can be increased by 1000’s of times
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Hard X-ray experiments show high-resolution diffraction 
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Snapshot intensities are merged in 3D using CrystFEL



With femtosecond pulses, exposures can be increased by 1000’s of times
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Bragg diffraction from a crystal gates the detection
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The serial approach can be applied to time-resolved measurements of 
irreversible reactions

A. Aquila, et al. Opt. Express 20 2706 (2012)

reaction. Every third x-ray pulse probed a laser-
excited crystal, resulting in a light-dark-dark
scheme (fig. S1). The time-resolved data sets were
obtained for pump-probe delay times of 10 ns
and 1 ms, at a laser pulse energy of 15 mJ focused
to a 150-mm beam diameter at the sample
(~800 mJ/mm2). The microcrystal hit rate varied
between 1% and 18%, and 60% of the resulting
diffraction patterns were successfully indexed
(table S1). Data quality, as judged by the R-split
values, progressively improved with the num-
ber of indexed patterns (table S2 and fig. S4).
R-split values for the dark data approached the
overall value of 6.5% for 65,000 indexed pat-
terns, remained below 10% to ~2 Å resolution,
and was still acceptable (22.4%) at the highest
resolution of 1.6 Å. Because the data collection
scheme generated twice as many dark patterns
as light patterns, the light data showed a some-
what larger value of R-split (9.2% for 32,000
indexed patterns). DED maps were calculated
from weighted difference structure factor am-
plitudes (2) with phases derived from a struc-
tural model of PYP refined against the x-ray
FEL dark data (see supplementary materials).

The initial model was obtained from Protein
Data Bank (27) entry 2PHY.
The results are shown inF2 Figs. 2 andF3 3. Monte

Carlo integration robustly determines inten-
sities for the strongly diffracting PYP crystals.
Synchrotron-quality DED maps with positive
and negative peaks around 10 standard devia-
tions s (3) are obtained with only 4000 indexed
light patterns (see supplementary materials). Be-
cause the unit cell of PYP crystals is relatively
small and the crystals are a few micrometers in
size, intensity fringes between Bragg reflections
caused by the shape transform of the crystals
(28) are absent. In addition, the mosaicity of PYP
crystals is extremely small, so that many reflec-
tions may be collected almost as full reflections.
As a result, sufficiently accurate intensities are
obtained from fewer diffraction patterns. Strong
DED features can already be observed at very
large R-split values (table S2) corresponding to
higher experimental noise in the structure am-
plitudes. If the noise in the amplitudes is too
high, DED features deteriorate (29, 30). To ex-
tract faint DED features associated with small
structural changes of PYP, diffraction patterns

should preferably be collected with a laser-on,
laser-off sequence to accumulate an equal
number of light and dark patterns, aiming for
redundancies on the order of 1500 in the highest-
resolution shell.
Figure 2 shows an overview of the 1-ms light-

minus-dark DED map superimposed on the re-
fined PYP dark structure. The largest DED peak
is located on the sulfur of the chromophore (Fig.
2A) and has a highly significant negative value
of –22s (where s is the root mean squared value
of the DED across the asymmetric unit). The
largest positive DED peak (18s) is close to the
same sulfur. These features reveal substantial
displacement of the sulfur 1 ms after laser exci-
tation, associated with a change in chromophore
configuration from trans to cis. Chromophore
isomerization triggers further protein confor-
mational changes extending to the periphery of
the protein (red arrow). The positive (blue) and
negative (red) DED peaks are contiguous and
can be interpreted in terms of atomic models
(Fig. 3, B and C). When the resolution is reduced
below 3 Å, the difference signal disappears (fig.
S7) and clear interpretation of structural changes

SCIENCE sciencemag.org 00 MONTH 2014 • VOL 000 ISSUE 0000 3

Fig. 3. Comparison of electron density and DED maps in the chromophore
pocket obtained by TR-SFX and the Laue method.The dark state is shown in
yellow in allmaps. (A andD) Electrondensitymaps for thePYPdark stateobtained
with TR-SFX and Laue, respectively (contour level 1.1s, 1.6 Å resolution).The PCA
chromophore and nearby residues are marked in (A). Arrow: Double bond in the
chromophore about which isomerization occurs. (B) TR-SFX DED map at 10 ns.

Light green structure: ICT intermediate. Features marked by dotted arrows belong
to additional intermediates not shown. (C) TR-SFX DEDmap at 1 ms. Pink and red
structures: structures of pR1 and pR2 intermediates, respectively. (E) Laue 32-ns
DED map correlates best to the TR-SFX 10-ns map. (F) Laue 1-ms DED map.
Contour levels of the DEDmaps: red/white –3s/–4s, blue/cyan +3s/+5s, except
for (C) where cyan is +7s. See figs. S7 and S8 for stereo versions of (B) and (C).
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X-ray free-electron lasers enable us to determine how protein structures 
evolve, with femtosecond resolution
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Watching photolyase repair DNA:  function from time-resolved serial crystallography

Nina	Christou,et	al,	TJ	Lane.	Science	382,	1015	(2023).

How	does	photolyase	productively	use	nearly	all	absorbed	photons?	
•FAD	based	models:	<	5%	efficient	
•Photolyase:	>	95%	productive	electron	transfer	
•We	characterized	this	pathway:	the	long-lived	excited	state	of	FAD

dark 3	ps

What	is	the	mechanism	of	DNA	repair?	
•Debated	for	decades:	one	bond	or	two	
•Our	maps:	unambiguous	one-bond	intermediate

1	ns

How	does	the	enzyme	know	its	job	is	finished?	
•Much	higher	affinity	for	substrate	vs.	product	
•Big	changes	of	DNA	upon	repair	are	enough	to	
disrupt	protein:product	interactions

dark

3	ns

…	our	team	captured	the	catalytic	cycle		
of	this	enzyme	(3	ps	à	100	µs)	using	trSFX

damaged	DNA	
(thymine	dimer)FAD		

chomophore

Photolyase	repairs	DNA	damage		
caused	by	sunlight,	using	sunlight	…



N.-E. Christou,.., T.J. Lane, Science 382, 1015 (2023) 



Proteins can be measured at physiological temperatures….in action

Photosystem II

crystals. Additionally, while the !30 fs
pulses used here demonstrate the ability
to outrun damage, at least to !8 Å, it is
possible that even shorter pulses may be
required to prevent high-resolution
component degradation either from
direct beam interactions with the
sample or potentially from photoelec-
trons generated by the support film. At
the same time, the pulses themselves
may be fast enough to maintain the
high-resolution components but might
not have enough photon density for
sufficient scattering at high angles so a
smaller beam size or increased bright-
ness could also yield better diffraction.
Finally, new algorithms for data analysis
could evaluate whether merging of large
datasets might reveal higher-resolution
information that is already present in
the data but currently appears buried
within the noise for individual patterns.

While any one, or a combination, of
the above experimental considerations
may improve the attainable resolution,
a tilting stage will be needed to collect
data for 3-D reconstructions from 2-D
crystals. Our presented results only
include diffraction patterns acquired at
zero-degree tilt (normal incidence to
2-D crystal plane) due to physical
limitations of the available fixed target
sample stage at the time of these
experiments. As in conventional X-ray
approaches for 3-D crystals, the phase
problem remains one of the largest
challenges for XFEL imaging of 2-D
crystals. The lack of tilted data
restricted us to using a single-pattern
molecular replacement method to
simulate the electron density maps;
however, the compact nature of 2-D
crystals may permit new approaches for
direct phasing (Spence et al., 2003) when
tilted data are available. Furthermore,
hybrid approaches may also provide an
answer to the phase problem. Electron
crystallography of 2-D crystals already
combines the diffraction pattern peak
intensities with phase information
derived from images of equivalent
crystals (Gonen et al., 2005) and a
similar approach may be possible to
enhance XFEL data with phase infor-
mation from electron microscopy. The
incorporation of fixed target sample
stages with tilting capability and hybrid

research papers
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Figure 1
Bragg diffraction at sub-nanometer resolution from soluble protein 2-D crystals. (a) Background-
subtracted diffraction pattern for 2-D crystals of streptavidin. Blue circles signify resolution rings at
30.0, 15.0 and 7.5 Å (inner to outer). The zoomed-in red circles indicate Bragg spots with highest
resolution at 8.0 Å, (h, k) = (#10, 2) and (2, 10), while the black box zoom highlights two lattice
spots at intermediate resolution. The diffraction patterns were acquired with a sample-to-detector
distance of 560 mm and a photon energy of 8448 eV. Owing to C222 symmetry (h + k = 2n), the
innermost reflections are (0, 2), (1, 1) and (2, 0). (b) 2-D electron density projection map (2$ 2 unit
cells) from coupling the observed integrated peak intensities with the corresponding calculated
phases from the known crystal structure. (c) Ribbon diagram of a 2 $ 2 unit cell of streptavidin
created using the known crystal structure, symmetry and unit cell for comparison with (b). The scale
bar is equivalent for panels (b) and (c).

Figure 2
Bragg diffraction at sub-nanometer resolution from membrane protein 2-D crystals. (a)
Background-subtracted diffraction patterns for 2-D crystals of bacteriorhodopsin. Blue circles
signify resolution rings at 30.0, 15.0 and 7.5 Å (inner to outer). The zoomed-in red circle highlights
the peaks with highest resolution at 8.5 and 8.7 Å, (h, k) = (2, 5) and (3, 4), respectively. The
diffraction patterns were acquired with a sample-to-detector distance of 340 mm and a photon
energy of 8448 eV. (b) Experimental 2-D electron density projection map (2 $ 2 unit cells) from
coupling the observed integrated peak intensities with the corresponding calculated phases from the
known crystal structure of bacteriorhodopsin. (c) Ribbon diagram (2 $ 2 unit cells) of
bacteriorhodopsin created using the known crystal structure, symmetry and unit cell for comparison
with (b). The scale bar is equivalent for panels (b) and (c).

M. Frank et al, 
IUCrJ 1 (2014)

J. Tenboer et al, Science 346 (2014) 
K. Pande et al. Science 352 (2016)

Photoactive Yellow Protein

Gene switching

conformational states of the 30S ribosome induced by interac-
tions with antibiotics [110] and to reveal conformational flexibil-
ity of the acyltransferase from the disorazole polyketide synthase
that is important for its catalytic activity [111].

While static structures provide a wealth of important
information about protein function, one of the most
anticipated promises of XFELs is to enable recording mole-
cular movies of proteins in action, capturing ultrafast pro-
cesses and irreversible conformational transitions, as
permitted by crystal lattice. The first time-resolved SFX
experiment demonstrating the feasibility of pump-probe
data collection at an XFEL was published in 2012 [112],
followed 2 years later by capturing the first time-resolved
structural snapshots of photosystem II (PSII) [34,113] and
photoactive yellow protein (PYP) [51]. The next milestone
of observing ultrafast reactions with a sub-picosecond
resolution was achieved in experiments on photodisasso-
ciation of carbon monoxide from myoglobin [114] and on
cis/trans isomerization of the chromophore in PYP [115].
The last 2 years were marked by a strong expansion of
both protein targets and methods of triggering conforma-
tional transitions in time-resolved studies (Figure 3(c)). In
addition to exploiting direct activation of photosensitive
proteins, such as PSII [116], the reversibly photoswitchable
fluorescent protein rsEGFP2 [117], and the light-driven
proton pump bacteriorhodopsin [46,118] (Figure 4(d)),
other reaction-triggering methods included the use of
a photosensitive caged-NO compound for capturing initial
intermediates during enzymatic reaction of a NO reduc-
tase [119] and mix-and-inject SFX to observe intermedi-
ates during the catalytic reaction of the Mycobacterium
tuberculosis β-lactamase with an antibiotic ceftriaxone
[120]. It is anticipated that the next boost in time-
resolved studies may come from harnessing the extremely
high pulse repetition rates available at EuXFEL [121],
which could significantly shorten the experimental time

required for capturing a series of frames for a time-
resolved movie.

6. Conclusions

Recently structural biology has undergone a quantum leap
propelled by the resolution revolution in cryoelectron micro-
scopy (CryoEM) [122] and breakthroughs in the development
of SFX applications at XFEL sources [123]. The field is experi-
encing a renaissance with an avalanche of new high-resolution
structures of highly important targets that previously been
considered unattainable. Both CryoEM and SFX have their
unique strengths and limitations and can provide complemen-
tary contributions toward drug discovery [124,125].

The last decade has been marked by an incredible progress
achieved in all aspects of the SFX approach, including the
development of new instrumentation for sample delivery
and data acquisition, new crystallization and data collection
methods, as well as new computational algorithms for data
processing. These developments enabled room temperature
crystallography of extremely radiation sensitive and difficult-to
-crystallize proteins and time-resolved studies of ultrafast and
irreversible conformational transitions in macromolecules.
Important highlights include structural studies of GPCRs,
advancements in enzyme and virus crystallography, molecular
movies of light-triggered transitions in photosensitive pro-
teins, and capturing transient enzyme intermediates.

7. Expert opinion

SFX offers multiple advantages over traditional goniometer-
based cryo-crystallography and carries the strong potential of
transforming SBDD. These advantages include the ability to
work with challenging targets that have low expression and
are difficult to crystallize. Small crystal size often translates into
faster crystal optimization, lower mosaicity, and better

Figure 4. Several SFX highlights. a) Structure of a signaling complex between the visual rhodopsin (orange) and arrestin (red-white-blue surface colored by charge
density) (PDB ID 5W0P). b) Structure of the angiotensin II receptor type 2 in complex with an antagonist (PDB ID 5UNG). c) Crystal structure of BEV2 virus with
a sphingosine molecule (red sticks) bound in a hydrophobic pocket (insert) (PDB ID 5OSN). Ligand omit 2mFo-DFc electron density map contoured at 1 sigma is
shown as a green mesh. Waters are shown as red spheres. d) Molecular movie of retinal isomerization in bacteriorhodopsin (PDB IDs 6G7H-6G7L). The ground state
retinal conformation is shown in gray sticks in all frames for reference.

8 A. MISHIN ET AL.

Rhodopsin-arrestin
Y. Kang et al  Nature 523 (2015)

We have modified the SFX data collection ap-
proach (Fig. 1) and obtained a room-temperature
GPCR structure at 2.8 Å resolution using only
300 mg of protein crystallized in LCP. SFX exper-
iments were performed at the Coherent X-ray
Imaging (CXI) instrument of the Linac Coherent
Light Source (LCLS) (14). LCP-grown micro-
crystals (average size of 5 by 5 by 5 mm) (fig. S1)
(15) of the human serotonin 5-HT2B receptor (16)
bound to the agonist ergotamine were contin-
uously delivered across a ~1.5-mm-diameter XFEL
beam by using a specially designed LCP injector.
LCP with randomly distributed crystals was ex-

truded through a 20- to 50-mm capillary into a
vacuum chamber (10−4 torr) at room temperature
(21°C) (17) and a constant flow rate of 50 to
200 nL/min and was stabilized by a co-axial flow of
helium or nitrogen gas supplied at 20 to 30 bar.
We recorded single-pulse diffraction patterns (fig.
S2) using 9.5-keV (1.3 Å) x-ray pulses of 50 fs
duration at a 120 Hz repetition rate by means of
a Cornell-SLAC pixel array detector (CSPAD)
(18) positioned at a distance of 100 mm from the
sample. The XFEL beam was attenuated to 3 to
6% so as to avoid detector saturation. The aver-
age x-ray pulse energy at the sample was 50 mJ

(3 × 1010 photons/pulse), corresponding to a ra-
diation dose of up to 25 megagrays per crystal.
A total of 4,217,508 diffraction patterns were col-
lectedwithin 10 hours by using ~100 mLof crystal-
loaded LCP, corresponding to ~0.3 mg of protein.
Of these patterns, 152,651 were identified as crys-
tal hits (15 or more Bragg peaks) by the process-
ing software Cheetah (http://www.desy.de/~barty/
cheetah/), corresponding to a hit rate of 3.6%. Of
these crystal hits, 32,819 patterns (21.5%) were
successfully indexed and integrated by CrystFEL
(19) at 2.8 Å resolution (table S1). The structure
was determined throughmolecular replacement and
refined to Rwork/Rfree = 22.7/27.0%. Overall, the
final structure (fig. S3) has a well-defined density
for most residues, including the ligand ergota-
mine (fig. S4).

We compared the XFEL structure of the 5-HT2B
receptor/ergotamine complex (5-HT2B-XFEL) with
the recently published structure of the same
receptor/ligand complex obtained by means of
traditional microcrystallography at a synchro-
tron source [Protein Data Bank (PDB) ID 4IB4;
5-HT2B-SYN] (21). Synchrotron data were collected
at 100 K on cryo-cooled crystals of a much larger
size (average volume, ~104 mm3) than those used
for the XFEL structure (average volume, ~102 mm3)
(fig. S1). Other differences between data collec-
tion protocols are listed in table S1. Both data sets
were processed in the same spacegroup C2221,
which is expected given the very similar crystal-
lization conditions. However, the lattice param-
eters for the room-temperature XFEL crystals are
slightly longer in the a and b directions and slight-
ly shorter in the c direction, resulting in a 2.1%
larger unit cell volume. Concomitant with these
lattice changes, we observed a ~2.5° rotation of

Fig. 1. Experimental setup for SFX data collection using an LCP injector. 5-HT2B receptor micro-
crystals (first zoom level) dispersed in LCP (second zoom level) are injected as a continuous column of 20 to
50 mm in diameter—stabilized by a co-axial gas flow (blue dash curved lines)—inside a vacuum chamber
and intersected with 1.5-mm-diameter pulsed XFEL beam focused with Kirkpatrick-Baez (K-B) mirrors. Single-
pulse diffraction patterns were collected at 120 Hz by using a CSPAD detector. The entire XFEL beam path and
CSPAD are under vacuum.

Fig. 2. Comparison between 5-HT2B-XFEL
(light red) and 5-HT2B-SYN (teal) struc-
tures. Central image represents a backbone
overlay of the two structures. Dashed lines
correspond to membrane boundaries
defined by the Orientation of Proteins in
Membrane database (http://opm.phar.
umich.edu) (28). (A) Electron density for
the Glu212 side chain is missing in 5-
HT2B-SYN and fully resolved in 5-HT2B-XFEL.
(B) A salt bridge between Glu319 and
Lys247 links intracellular parts of helices
V and VI in the 5-HT2B-XFEL structure. In
the 5-HT2B-SYN structure, Lys247 makes a
hydrogen bond with Tyr1105 from the
BRIL fusion protein. (C) Extracellular tip
of helix II forms a regular helix in 5-
HT2B-XFEL with Thr114, making a stabiliz-
ing hydrogen bond with the backbone
carbonyl, whereas in 5-HT2B-SYN, a water-
stabilized kink is introduced at this posi-
tion. (D) Tyr87 forms a hydrogen bond
with Asn90 in 5-HT2B-XFEL; this hydrogen
bond is broken, and Tyr87 adopts a dif-
ferent rotamer conformation in the 5-
HT2B-SYN structure. 2mFobs-DFcalc maps
(contoured at 1s level) are shown only
around described residues.
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Fig. S7. Principal Component Analysis (PCA) of the motion of structural elements 
with respect to the heme center. 
 (A). First eigenvector extracted using PCA from the time-dependent differences in 
distance of N, Cα, and C atoms to the center of the heme nitrogen atoms with respect to 
the dark state structure. Motions towards the heme are shown in blue, motions away from 
the heme in red. (B) Time dependence of the amplitude of the first eigenvector. A fast 
initial motion along the eigenvector is observed, followed by a slower phase. 
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we focus on the structural changes induced by the two flashes based 
on the isomorphous difference Fourier map between the two data sets.

The two data sets from the two different states were highly isomor-
phous with a Riso of 0.068 at 2.35 Å resolution, making it possible for 
us to identify subtle structural changes based on the isomorphous 
 difference Fourier map (Extended Data Table 1). Superposition of the 
two state structures yielded a root mean square deviation of 0.10 Å. The 
corresponding Riso values between the pre-flashed and non-pre-flashed 
samples were more than 0.118 at 2.5 Å resolution; this difference may 
be caused by the different batches of samples used or differences in the 
post-crystallization processes employed.

Two areas with major light-induced structural changes were 
observed in the isomorphous difference Fourier map between  
the 2F- and dark-states (F(2F) −  F(dark) difference map; Fig. 2). These 
areas are localized around the QB/non-haem iron-binding site and the 
OEC (dotted red circles in Fig. 2b), and similar changes were observed 
in both  monomers of the dimer (a third area with  apparent differ-
ence Fourier peaks was found in the vicinity of YD in non-pre-flashed 

 samples; see below and Extended Data Fig. 4). All of these areas are 
related to electron and proton transfer in PSII, suggesting efficient 
laser pulse excitation. The peaks were detected at 8.6 for the QB site 
and 10.7σ for the OEC in monomer A, and 6.9σ for the QB site and 
12.7σ for the OEC in monomer B. The largest Fourier difference peak 
in the other areas of PSII was 4.4σ (Fig. 2d), indicating that the peaks 
observed in these two areas are well above the noise level.

QB forms H bonds with His215 and Ser264 of D1; the former is 
a ligand for the non-haem iron. The isoprenoid tail of QB is located 
in a hydrophobic environment formed by Phe211, Met214, Phe255 
and Phe265 of D1, D2-pheophytin (PhoD2) and lipids (Fig. 3a). In the 
high-resolution S1 state structures4,5, QB exhibited a weak electron 
density with a higher B factor than QA, possibly owing to its mixed 
protonation states. After 2F illumination, positive electron densities 
were observed in the head group region of QB, whereas a pair of pos-
itive and negative densities was observed in the isoprenoid tail in the 
Fourier difference map, and the average temperature factor of the 
quinone head group was decreased from 116 Å2 to 91 Å2. This change 
indicates a rotation of the head group around the axis vertical to the 
benzene ring by about 10° towards Ser264 and His215 of D1, which 
shortens the distances between the head group of QB and these two 
residues by 0.1–0.2 Å and therefore strengthens the H bonds between 
them. These movements can be explained as follows. As we added 
potassium  ferricyanide to the crystals well before the measurements, 
the non-haem iron was pre-oxidized to Fe3+, making it able to accept 
one electron upon flash illumination. Thus, the 2F illumination resulted 
in a dominant species of QB

−, which will make stronger H bonds with 
Ser264 and His215, resulting in the rotation of the head group and 
the decrease in the temperature factor. In relation to this process, 
the hydrophobic residues Phe211, Phe255, Phe265 and Met214 of 
D1, which  surround the isoprenoid tail, also moved slightly to adjust 
the cavity of the QB site (Fig. 3a, b). Notably, a loop region involving 
Asn266–Ser268 of D1, which shields the cavity of the QB site in the 
dark structure, moved by up to 0.8 Å upon 2F illumination, resulting 
in the partial opening of the QB site, which may suggest a route for the 
quinone exchange.

In the vicinity of QB, a strong negative peak was observed between 
the bicarbonate (BCT) and the non-haem iron in the difference Fourier 
map. There was a smaller positive peak on the opposite side of BCT, 
giving rise to a positional shift of BCT by up to 0.5 Å and an increase in 
the distances between BCT and the non-haem iron up to 0.2 Å (Fig. 3b). 
These changes may result from rearrangement of the H bond  network 
around BCT and/or reorientation of BCT upon 2F  illumination, which 
might be caused by the involvement of BCT in the proton transfer for 
QB protonation or the reduction of the non-haem iron. The  possible 
involvement of BCT in the proton transfer is consistent with the obser-
vation that removal of BCT resulted in retardation of the quinone 
exchange reaction14. In contrast to the QB site, no large changes were 
found in the QA site.

A number of Fourier difference peaks were found in the region 
around the OEC (Fig. 3c, d); these peaks allow us to identify the 
 following major structural changes: (i) Mn4 moved slightly towards 
the outside of the cubane, resulting in a slight elongation of its distance 
from Mn1 by 0.1–0.2 Å. (ii) Ca2+ also moved away from Mn4 slightly. 
(iii) A new, strong positive peak was found close to O5, which was 
modelled as a new oxygen atom O6. (iv) The side chain of Glu189 of 
D1 moved away from the cubane to accommodate O6. (v) A strong 
 negative peak was found on the water molecule W665,  indicating 
that this water molecule was displaced from this position upon  
2F  illumination. In relation to this, water molecule W567 (which is  
H bonded to O4 and W665) moved towards O4, resulting in a smaller 
distance between W567 and O4. (vi) Accompanying these changes, 
some other ligand residues also exhibited slight structural changes; 
these include Asp61, Asp170, His332 and Ala344 of D1.

Among the structural changes described above, the displacement 
of W665 and the appearance of the new oxygen atom O6 provided 
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Figure 3 | Isomorphous difference Fourier map and structural  
changes around the QB/non-haem iron-binding site and the OEC.  
a–d, Isomorphous difference Fourier maps between the 2F-state and the 
dark-state of the pre-flashed samples in green (positive) and red (negative) 
contoured at ± 5.0σ. D1 and D2 subunits are coloured in yellow and 
cyan, respectively, in the S1 state and green in the S3 state. a, b, Structural 
changes around the QB/non-haem iron-binding site. c, d, Structural 
changes around the OEC. In b–d, movements of residues or groups are 
indicated by black arrows, and the insertion or displacement of water 
(oxygen) is indicated by dashed arrows. e, Structure of the Mn4CaO5 
cluster after 2F illumination superimposed with the 2mFo −  DFc map 
contoured at 10.1σ. f, Position of the newly inserted oxygen atom O6 
relative to its nearby atoms. Light dark balls labeled 1D–4A represent  
Mn ions; red and cyan balls labeled 1–6 represent oxygen atoms.
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In (4), d[ES] is the change in concentration of the BlaC–CEF
complex ([ES]) given the free enzyme ([E]) and free CEF
([CCEF]) concentrations at time ti and the kon rate. The free-
enzyme concentration [E] decreases and that of the BlaC–
CEF complex increases with each time step. (4) is repeated by
increasing ti by dt until ti is larger than a given delay time, for
example 10 ms. The substrate [CCEF] is provided everywhere
by diffusion (3) and its concentration is also dependent on ti.
The goal was to reproduce the approximate 50% BlaC–CEF
occupancy in the B and D subunits (occobs) which was
observed in the experiment at around 5 ms. The calculated
BlaC–CEF occupancy (occcalc) is the average of the calculated
occupancies found in all voxels of the crystal. Occcalc can then
be compared with occobs and adjusted by varying the diffusion
coefficient of CEF.

3. Results and discussion

3.1. Formation of the enzyme–substrate complex

The EuXFEL 564 kHz pulse structure was used to measure
the binding of the large CEF substrate to BlaC at a !tm of 5,
10 and 50 ms. The !tm of 5 ms is about an order of magnitude
faster than the earliest (30 ms) time point collected previously
(Olmos et al., 2018). The !2 mm thin, platelet-shaped BlaC
microcrystals allow fast diffusion times across the thin
dimension. Furthermore, diffusion is facilitated by large
channels in the crystals (Olmos et al., 2018). Therefore, these
crystals are ideally suited for mix-and-inject investigations on
fast timescales.

As observed in the previous studies at longer !tm, CEF only
binds to BlaC subunits B and D. In Figs. 4(b)–4(d) polder
difference electron-density maps (Liebschner et al., 2017;
DEDPolder) are shown in the active site of subunit B. On early
timescales (5 and 10 ms after mixing) we simultaneously
observe electron densities for CEF and the close-by phosphate
(Pi) molecule. Since CEF and Pi occupy the same space, their
presence is mutually exclusive and the electron density reflects

an average over sites occupied by Pi and others occupied by
CEF. Pi is also found near the CEF binding site in the un-
liganded (unmixed) form [Fig. 4(a)]. At !tm = 5 ms, the Pi and
CEF occupancies are both approximately 50%. The available
catalytic sites in subunits B and D are equally occupied either
by a CEF or by a Pi. At !tm = 50 ms, the Pi density vanishes.
Nevertheless, the Pi occupancy refines to 19% and that of CEF
to 82% (Table 3). Here, an electron-rich compound (Pi) is
refined in conjunction with CEF, occupying equivalent spaces
in different unit cells. This may result in an overestimate of the
occupancy of Pi. As there is no indication of phosphate-shaped
electron density at 50 ms [Fig. 4(d)], we consider this to be the
error margin of our occupancy refinement.

In agreement with previous work (Olmos et al., 2018), an
additional CEF molecule is identified close to each active site
that weakly interacts (stacks) with the CEF already bound
there (Fig. 5). The stacking sites seem to be only transiently
visited by CEF molecules until the active sites are fully
occupied. The unit-cell parameter changes roughly follow
CEF binding and Pi release [Fig. 6(a), inset; Table 1]. When
sulbactam, which is about 2.5 times smaller, binds the Pi is not
replaced and the unit-cell parameters do not change (see
below and Table 1). We postulate that the displacement of the
strongly negatively charged Pi, as well as the occupancy of the
stacking site, may contribute to the unit-cell changes observed
when CEF is mixed in. The needle crystal form described
earlier (Olmos et al., 2018) does not show unit-cell changes.
There, neither the Pi nor the stacking site is present. In our
BlaC platelets the CEF occupancy can be very heterogenous,
in particular at 5 ms, which should result in different unit-cell
parameters near the surface and in the center, respectively.
However, the Bragg reflections are not split, which is in
accordance with observations by others (Ramakrishnan et al.,
2021; Stagno et al., 2017; Kupitz et al., 2014). This may be a
consequence of the fully coherent illumination of the entire
microcrystal volume by the XFEL radiation or may be due to
the plasticity of microcrystals that even supports phase tran-
sitions and space-group changes (Ramakrishnan et al., 2021).
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Figure 4
Polder difference electron density, contour level 3!, in the active center of BlaC subunit B. (a) The CEF ligand has not yet diffused in; the phosphate (Pi)
from the crystallization buffer is dominant in the active site. (b) 5 ms after mixing: the phosphate is beginning to be displaced by CEF. (c) 10 ms after
mixing: the phosphate is no longer dominant. (d) 50 ms after mixing: little evidence of the phosphate remains and the density only has features of the
antibiotic compound. Nearby amino acids are marked in (a).
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Non-crystalline objects can be imaged with FEL pulses by coherent diffraction
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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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metric given in Eq. (1). The fluence ϕ is thus given as
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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
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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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Figure 1. (a) Schematic representation of circular MZP fabrication. A multilayer structure obeying the zone plate law is deposited onto a
rotating cylindrical substrate. Then, a thick FZP is produced by sectioning the coated cylindrical substrate. (b) Schematic representation of
MLL fabrication. A multilayer structure obeying the zone plate law is deposited on a flat Si substrate. Then, an MLL is prepared by
sectioning the MLL thin film. (c) Four different types of MLLs. Each type has a different way of utilizing dynamical diffraction effects,
occurring within the lens. (d) Schematic view of focusing x-rays into a focus by two MLLs. Rather than a full MLL as shown in (c),
half-MLLs are typically used for producing a nano-focused x-ray beam.

Yan et al 2013). The instrumentational requirements for
aligning a pair of MLLs to produce a 2D focused x-ray beam
is much more complex than that of an FZP. To meet the
unique positioning requirement of MLLs and to obtain accurate
scanning x-ray microscopy measurements, specialized MLL
scanning x-ray microscopes were developed and are used for
x-ray experiments (Shu et al 2009, Yan et al 2011, Nazaretski
et al 2013).

Recognizing that MLLs could not be treated as
thin lenses such as conventional FZPs, several groups
independently undertook theoretical investigations on the
focusing performance of MLLs, and reported the feasibility of
achieving nanometre focus with this new class of x-ray optics
(Pfeiffer et al 2006, Schroer 2006, Yan et al 2007b). Other
theoretical research was devoted to detailing the effects of
structural imperfections on the focusing performance of MLLs
(Yan 2009), focusing by high orders (Huang et al 2012a), and
guiding the optimization of the MLL parameters for scanning
x-ray microscopy (Yan and Chu 2013).

1.2. Overview on MLL and organization of the review

Diffractive thin-film optics primarily take two forms: circular
MZPs and MLLs. Figures 1(a) and (b) schematically represent

the methods of their fabrication. A circular MZP is fabricated
by depositing the diffracting layers onto a cylindrical substrate,
such as a glass or metal wire. An MLL is fabricated by
depositing a depth-grated multilayer on a flat Si substrate.
Either structure is subsequently sectioned into a transmission
optic of the appropriate thickness for optimum diffraction.
The circular MZP fabrication produces a point-focusing optic,
extremely similar to an FZP, while a single MLL fabrication
creates a linear-focusing optic. Fabricating MLL thin films
with uniform thickness across a 4 inch commercial Si wafer
is achieved comfortably by masking the targets and raster-
scanning the substrate during growth. The single most
important advantage of MLL over a circular MZP is that
thin-film deposition on a commercial Si wafer produces an
FZP structure with significantly fewer structural imperfections.
Historically, MLL deposition starts at the outermost zone with
the smallest layer thickness on an atomically flat Si wafer,
and finishes with the innermost zone that is the thickest one
in the stack. One main limitation of a circular MZP is that
the surface quality and radial uniformity of the wire core
typically are much worse than the quality and uniformity of
commercial Si wafers. Various surface imperfections from
the wire core can result in imperfections in the multilayer
structure. The sequence of deposition, i.e. innermost-zone
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the sample. The estimated incident photon intensity was 8.65
! 1011 photons mm"2 and is indicative of the achievable signal
level at the given experimental parameters. The sample
diffraction signal matches the sphere model at lower diffrac-
tion angles and approaches the signal level of the injection
background at diffraction angles above#0.22 nm"1 (Fig. 10b).

The source of this background was possibly scattering from
the injection gas (He) used to produce and focus the aerosol.
By introducing in-chamber, post-sample apertures down-
stream from the interaction region, this could be mitigated, as
was performed by Munke et al. (2016). An improved injector
design could reduce the gas load in the interaction region. An
alternative approach could be to extend existing algorithms
for the three-dimensional assembly of single-shot diffraction
patterns to reject extraneous noise by simultaneously recon-
structing an a priori unknown background as part of the
optimization problem (Loh, 2014).

3.8. Image reconstruction

For reconstructing a real-space image based on the single
sample-sized diffraction pattern from Fig. 10, we recovered
the phases using 5000 iterations of the HIO algorithm with ! =
0.9 and 1000 iterations of the ER algorithm. Prior to phasing,
the diffraction pattern was downsampled by a factor of four in
each dimension. Throughout the reconstruction, we used a
circular static support with a radius of 24 nm (corresponding
to 12 pixels). The oversampling ratio (Miao et al., 1998) of the
downsampled diffraction pattern was 36. In Fig. 11, we show
the magnitude of the average image reconstruction and the
corresponding PRTF based on 5000 independent reconstruc-
tions. We found no evidence of missing modes (Thibault et al.,
2006) as the missing centre was reproducibly recovered. The
PRTF dropped below 1/e at a full-period resolution of
13.5 nm.

4. Conclusion

In this study, we attempted to transfer the success with flash
X-ray imaging (FXI) using soft X-rays in a micrometre-sized

focus to FXI with hard X-rays in a
submicrometre focus, testing
possibilities of imaging single
particles of small biological
samples. We aerosolized and
injected our test sample: particles
of the #40 nm Omono River
virus. We collected a data set
which enabled us to characterize
the complete experimental setup
and allowed us to identify targets
for future development of the
beamline and of the technique.

The sample-delivery system
gave an overall average hit ratio
of 0.83%. However, on top of a
few sample-sized particles, a wide
distribution of mostly spherical

cluster objects (see Fig. 5) was detected. This was likely to be
caused by the atomizer generating a population of larger
droplets in combination with low amounts of nonvolatile
minor species being present. Smaller droplets could reduce the
amount of trapped contaminants. For example, electrospray
ionization can produce droplets which are an order of
magnitude smaller in size compared with the GDVN injection
system used for this experiment. This would decrease the
droplet volume by a factor of 1000 and thereby reduce the
impact of a salt crust or debris. An alternative atomization
method could be a compound liquid jet with an outer sheath
liquid of volatile buffer to aid droplet formation without
contributing excess nonvolatile species (Trebbin et al., 2014).
In addition, online monitoring of sample injection with laser
illumination could greatly aid in tuning the injection para-
meters (Awel et al., 2016).

From a single diffraction pattern of a sample-sized particle,
we succeeded in phasing and achieved a two-dimensional
reconstruction of the particle to a full-period resolution of
13.5 nm. Although not suitable for a more advanced imaging
analysis, the large number of spherical particles allowed us to
characterize many of the experimental parameters (average
beam profile, map of local phase tilts in the wavefront, level of
signal and background at different diffraction angles) and
provided an excellent data set for developing new algorithms
for FXI. In line with recent efforts of the FXI community to
make software available to others (Maia et al., 2016), we
shared our software tools through a public repository (https://
github.com/FXIhub/cxic9714-analysis) and deposited the data
in the CXIDB (https://cxidb.org).
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Figure 11
Image reconstruction based on an individual diffraction pattern (the same as shown in Fig. 10) of a sample-
sized object. (a) Average magnitude based on 5000 independent reconstructions. The scale bar indicates
20 nm. (b) The phase-retrieval transfer function (PRTF) drops below 1/e (dotted line) at a resolution of
13.5 nm (dashed line).
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λ = 2d sin θ
2θ

The 3D crystal selects the particular angle that obeys the Bragg condition
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Upon indexing, each streak can be mapped back to its incident 
component 
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Convergent-beam diffraction will be used for attosecond time-
resolved crystallography

that obtained after the ELMAM constrained refinement. The
R(F) and Rfree(F) values are 8.97% and 9.49%, respectively
(Table 3). The higher Rfree(F) factor demonstrates that the
constrained charge-density refinement starting from IAM is
trapped in a false minimum. However, the R factors are lower
compared with the IAM refinement stage, which indicates that
the IAM constrained multipolar refinement is better than the
IAM refinement.

4.6. Main-chain static electron density

Atom equivalence constraints on the electron-density
parameters act as an implicit averaging of the deformation
electron density amongst chemical moieties. Hence, as
expected, the constrained ELMAM multipolar refinement
leads to deviations from the library that are linked to both the
number of atoms included in a given constraint and to the
atomic thermal motion of constrained moieties. Usually, the
larger the number of constrained atoms, the smaller the

discrepancy from the starting parameters. This is obviously the
case for the polypeptide main-chain atoms, which correspond
to the largest occurrences of a given atom type within the
substructure. The static deformation electron densities in the
peptide plane obtained in the multipolar refinements are
shown in Fig. 12. 17 multipoles are used to describe the
standard main-chain group H0—N—(C O)—C!—H!. In the
ELMAM multipolar refinement, the average deviation
observed for multipoles is only 1.2 times the standard error
" = 0.01 of the average values in the ELMAM library (Table 5).

The multipoles that deviate from the library by more than
2" in the peptide moiety are the yz2 and x3 multipoles of the
C! atom (3.3" for both). Not surprisingly, the dipoles attrib-
uted to the main-chain H0 and H! atoms also show a relatively
large variation (2.5"). The most significant deviations lead to a
decrease (in absolute value) in the multipolar populations,
indicating an attenuation of the static deformation electron
density compared with small molecules. This is in accordance
with an average thermal motion in the hAR structure which is

larger than that usually found in the
small molecules that were used for the
database building. Higher atomic Beq

factors usually lead to thermally
smeared deformation electron density,
as previously observed for the protein
crambin (Jelsch et al., 2000).

In the IAM multipolar refinement
performed starting from neutral and
spherical atoms, the same scheme of
constraints was applied. The resulting
static deformation electron densities
show an even more attenuated
morphology. The static deformation
electron density in the peptide-bond
plane is shown in Fig. 12. Electron-
density peaks are in this case 30%
weaker on average on the covalent
bonds. The attenuation is dramatic in
the case of the O-atom electron lone
pairs. However, the observation of the
deformation electron density starting
from the IAM stage clearly demon-
strates that the nonspherical features of
the electron density are intrinsically
present in the hAR diffraction data. In
this case, it cannot be a bias introduced
in the model by the transfer of the
ELMAM multipolar parameters.

4.7. Side-chain static electron density

The multipolar parameters of the
protein side chains were also refined,
although with fewer equivalence con-
straints available compared with the
main chain. Only starting multipolar
parameters from the ELMAM database
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Figure 13
Static deformation electron density in the plane of the carboxylate moieties of glutamic acid and
aspartic acid residues. (a) As transferred from ELMAM database. (b) After constrained refinement.
Contours as in Fig. 6.

Figure 14
Static deformation electron density in the hydroxyl plane of a tyrosine residue. (a) As transferred
from ELMAM library. (b) After constrained multipolar refinement. Contours as in Fig. 6.
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crystal (we refer to such data as SCXRD; Supplementary Discussion, 
Extended Data Fig. 1f–h and Supplementary Table 2). We proceeded 
to recrystallize the same sample following the procedure described 
in ref. 23 (Methods), obtained triclinic crystals, and determined their 
structure by cryo-ED. The structure (referred to as triclinic-cryo-ED) 
is identical to the reported triclinic crystal structure23 (Extended Data 
Fig. 1f,g, Table 1, Supplementary Table 2 and Methods). We confirm that 
the SX diffraction patterns could not be processed with different cell 
parameters, such as those in the triclinic crystal previously reported.

The rt-ED structure yields better data statistics and fewer devia-
tions in bond geometry than the cryo-ED one, and the hydrogen densi-
ties were resolved at higher σ levels (Table 1 and Supplementary Tables 
1 and 3). Radiation damage was estimated to be sufficiently small for 
the structural details to be maintained to a resolution of at least 0.90 Å 
in the rt-ED structure. The cell volume determined by ED is smaller 
than that determined by SX—by ~7.4% for the structure determined 
by cryo-ED and by ~3.2% for the rt-ED structure. The large difference 
in comparison with the cryo-ED structure may detract from the qual-
ity and/or homogeneity of the crystals, so, for further comparison 
between the ED and SX techniques, we primarily adopted the rt-ED 
structure. The rt-ED structure indeed shows significantly better cor-
relations with the SX structure in terms of bond lengths and atomic dis-
placement parameters (Extended Data Fig. 2). Additionally, when the 
bond lengths in the structures obtained by SX and rt-ED were compared 

with those in the known SCXRD structure, the differences were found 
to be small (Fig. 2c and Extended Data Fig. 3). We thus conclude that 
the positions of the non-hydrogen atoms are accurately determined 
by both the SX and rt-ED techniques.

Some discrepancies among the structures obtained by SX, rt-ED 
and SCXRD characterization may reflect different crystal packings 
and/or different monomer conformations. On the other hand, the 
estimated standard uncertainties in the bond lengths determined in 
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Fig. 3 | 2D slices of electron density and Coulomb potential maps at the plane 
of the xanthene ring. a, A slice of the Fo map calculated from the SX data and 
overlaid with the model. Some atoms are labelled. b, A slice of the hydrogen-
omitted map (mFo-DFc) from the SX. c,d, The same slices as in a and b but 
calculated from the rt-ED data. e,f, The same as in c and d but from the cryo-ED 

data. Arrows in b indicate residual densities that probably represent covalent 
electrons. The colour display is gradually changed as shown in the gradient 
bars to the right of each map (in corresponding units). Residual densities in the 
difference maps appear noisier for the ED data than for the SX data.

Table 2 | Summary of hydrogen densities
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N

SXandED
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ΔX −H

peak

 
(Å)

C–H3 15 14 1.074 (103)c 10 1.152 (118) 9 0.095 (175)

C–H2 6 6 1.064 (89) 5 1.128 (100) 5 0.077 (76)

C–Har 8 8 0.949 (28) 8 1.088 (95) 8 0.139 (100)

N15–H 1 1 0.824 1 1.027 1 0.203

N16–H 1 1 0.788 1 1.070 1 0.282
aNall, NSX

obs

, NED
obs

 and NSXandED
obs

 indicate the numbers of all and observed hydrogen atoms in the 
SX and rt-ED densities and both, respectively. Observed hydrogen densities are defined by 
>1.5σ. bX−HSX

peak

, X−HED
peak

 and ∆X–Hpeak indicate averages of observed peak positions from 
the parent atoms in SX and ED and differences between X-HSX

peak

 and X-HED
peak

, respectively, 
respectively. cStandard deviations in the same type of bond are shown in parentheses.
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