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Development of measurement techniques in coherent X-ray diffraction imaging utilizing XFEL and its

application for imaging biological cells

Thesis Summary

Biological cell is a basic unit of all known living organisms, and are composed of cellular organelles such as a nucleus, a
chloroplast, and so on. Inside and outside the organelles, there are numerous numbers of biological molecules such as proteins,
nucleic acids, and lipids, which are immersed in water. Biological cells have complicated and hierarchical structures with resolution
range from micrometer to nanometer. One of ultimate goals of cell biology is the visualization of whole structures of cells at a
resolution without gaps between the spatial hierarchies. Coherent X-ray diffraction imaging (CXDI) has the potential to visualize
whole cellular structures at a resolution of a few tens of nanometers, and is expected to bridge the resolution gaps inaccessible for
both light microscopy and transmission electron microscopy.

In CXDI experiments, an isolated specimen particle is irradiated by an X-ray beam with high transverse coherence. From the
Fraunhofer diffraction pattern recorded by an area detector, the electron density map of the particle projected along the direction of
incident X-ray is reconstructed by using the phase-retrieval algorithms. Recently, X-ray free electron laser (XFEL) sources, which
provide very intense X-rays with almost coherent pulses at the duration of tens fs, have been utilized in CXDI experiments.
However, single XFEL pulses destroy the specimen particles at the atomic level through the Coulomb explosion after the diffraction
from the particles occurs. Therefore, it is impossible to visualize a three-dimensional (3D) electron density map from one specimen
particle by tomography experiments. In recent years, a protocol was proposed for reconstructing the 3D electron density map from a
number of projection electron density maps of particles in various orientations against the directions of incident X-ray beams
[Kodama & Nakasako, Phys. Rev. E 84, 021902 (2011)]. Toward utilizing the method, a huge number of diffraction patterns must be
efficiently collected in CXDI experiments using XFEL pulses (XFEL-CXDI).

In our Laboratory, we developed a diffractometer with a high-speed translation stage to provide fresh specimen particles into
the irradiation area by raster scan against trains of XFEL pulses under vacuum condition. To enable the collection of a huge number
of diffraction patterns, the author developed the motion control and scheduling software of the diffractometer. In addition, to keep
functional structures of biological specimens in the vacuum environment, the author developed methods for preparing
frozen-hydrated biological specimens. As a result, these developments allow us to collect 0.9~1.6 million diffraction patterns within
80 hours. From the high quality diffraction patterns, the projection structures of biological specimens, such as cyanobacterial cells
and nuclei of yeast, were visualized at resolutions of ~100 nm. Furthermore, to efficiently reconstruct electron density maps from
diffraction patterns missing data in the small-angle regions due to a beam stopper and the saturation of the area detector, the author
proposed a phase-retrieval method using the Friedel centro-symmetry in diffraction patterns as the constraint. These experimental
and theoretical methods made XFEL-CXDI more effective to visualize the structures of biological cells and cellular organelles. In

addition, the author applied the XFEL-CXDI methods to 3D structural analyses of cyanobacterial cells.




