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In the paper by Sayre [Acta Cryst. (2008), A64, 33–35], a proposal is made to use

stereoscopy as a short-term means of overcoming the primarily technological

hurdles involved in three-dimensional imaging of the biological cell by soft

X-ray diffraction microscopy. This addendum provides a broader perspective on

the techniques used by this rapidly maturing community to investigate structural

problems in the biological and material sciences.

Sayre says that: ‘Single-particle X-ray diffraction is an exten-

sion of X-ray crystallography which allows the specimen to be

any small solid-state bounded object . . . ’. Indeed, since Sayre’s

first proposal of the method (Sayre, 1980) and its first

demonstration by Miao (1999), it has been used to image

three-dimensional micro-fabricated structures (Chapman,

Barty, Beetz et al., 2006), small biological cells (Miao et al.,

2003; Shapiro et al., 2005; Thibault et al., 2006), metallic

microcrystals (Robinson et al., 2001; Pfeifer et al., 2006), ultra-

low-density foams (Barty et al., 2007) and quantum dots,

among others (Miao et al., 2006). The maturity of the field can

be most clearly seen in two recent contributions from

Chapman and Barty. In both cases, three-dimensional X-ray

images of few-micrometre objects are achieved with near

10 nm resolution in all three dimensions. Chapman’s work

with a fabricated test object provides a complete framework

for diffraction imaging in which the problems of Ewald-sphere

curvature, support determination, constraint consistency,

missing data and resolution are fully addressed. Barty’s work

uses this framework to provide a structural model for a Ta2O5

nanofoam particle that adequately explains the difference

between its actual and expected mechanical properties.

The flexibility of the single-particle diffraction method is

apparent in the variety of experimental geometries used. One

important variation of the technique, developed by Robinson,

involves recording the continuous diffraction pattern around

Bragg reflections from a small crystal (Robinson et al., 2001).

If the entire crystal is coherently illuminated then the discreet

crystallographic diffraction pattern is convoluted with the

continuous pattern representative of the overall crystal

morphology. Recording and phasing these diffuse Bragg peaks

allows for imaging of the crystal’s electron density and strain

fields projected in the direction of the peak. This method has

been used to image the strain fields and facets of a lead

microcrystal in three dimensions but is also well suited to the

study of macromolecular protein crystals in the frozen-

hydrated state of early crystal growth. The attainable resolu-

tion will allow for the three-dimensional visualization of every

unit cell in the crystal and provide valuable information for

crystal growth studies.

The large dose required for single-particle imaging implies

that the resolution of such images will be limited by the

radiation damage to sensitive particles for which there is only

a single copy. This is particularly important for isolated

biological cells that are structurally unique. It has been

suggested that this limit can be overcome in the case that many

identical copies of the single particle are available. Protein

molecules, particularly those which resist crystallization, are

structurally identical and available sequentially in time. The

challenge then becomes to record adequate diffraction data

from many individual proteins before radiation damage is

manifest in each one. There have been two methods proposed

to achieve this. The first, which was proposed by Neutze and

provides perhaps the strongest justification for building the

Linac Coherent Light Source at SLAC, requires the ultra-

bright and ultra-short X-ray pulses to be delivered by an X-ray

free-electron laser (Neutze et al., 2000). This method, now

called flash imaging, uses a single few-femtosecond X-ray

pulse per protein molecule. Such short pulses will allow for the

collection of atomic resolution diffraction data from a single

molecule before the pulse destroys the molecule. The full

three-dimensional set of Fourier magnitudes can be acquired

by recording such diffraction patterns from many randomly

oriented proteins. Post-processing can then orient and average

the recorded patterns. Flash imaging of test objects was

recently demonstrated by Chapman using the VUV-FEL

FLASH at DESY (Chapman, Barty, Bogan et al., 2006).

The second method aims for lower resolution, adequate for

seeing secondary protein structure, but only requires a third-

generation synchrotron. This recently proposed serial protein

crystallography method establishes a situation which is effec-

tively identical to having a single protein in a continuously

running coherent X-ray beam thus allowing for collection of

its single-particle diffraction pattern (Spence & Doak, 2004;



Spence et al., 2005). The proteins are delivered to the X-ray

beam as a collimated particle beam whose velocity is such that

each protein molecule is only briefly exposed to radiation and

therefore is not damaged. The orientation of the proteins is

provided by the interaction between a tightly focused laser

field and the protein’s induced dipole moment. The resolution

of this method is limited by the total exposure time and the

degree of particle alignment. Recent simulations indicate that

a resolution of 7 Å can be attained with reasonable exposure

times at currently available X-ray sources (Starodub et al.,

2007). Therefore, serial protein crystallography should

provide a high-throughput means of structure determination

that is competitive with cryoelectron microscopy. Preliminary

experiments aimed at optimizing the X-ray illumination and

particle source are ongoing at the Advanced Light Source

(Weierstall et al., 2007).

The challenges faced by the cell-imaging project are

formidable. However, the use of anti-contamination devices,

similar to those used in cryoelectron microscopes, will greatly

improve the long-term stability of the specimen ice layer. Also,

a move to harder X-rays, in the 2–3 keV range, will bring the

4 mm cell into the weak scattering limit. The absorption

contrast will be greatly reduced but diffraction imaging

produces absorption and phase-contrast images simul-

taneously so the imaging capability will not be compromised.

The prospect of imaging frozen-hydrated cells in three

dimensions at 10 nm resolution is the basis of a proposal to

build a new dedicated X-ray beamline at the Advanced Light

Source (ALS). The optimized source will have orders-of-

magnitude more coherent flux and will reduce total exposure

times for three-dimensional imaging from hours to minutes.

The work done at the ALS is a small part of a broad and

expanding community of researchers with existing and

proposed programs at the APS, ESRF, SLAC, Diamond,

DESY and SPring-8. These researchers are developing a tool

that will continue to contribute significantly to the fields of cell

biology, molecular biology, materials/nanoscience for many

years to come.
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