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¥ A W X %  High-resolution structure analysis of biological macromolecular assemblies
with helical symmetries by electron cryomicroscopy : structures of the
bacterial flagellar rod and hook, the T3SS needle, F-actin, and the
stacked disk aggregate of TMV coat protein
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I have focused on the high-resolution structure analysis of biological macromolecular assemblies with
helical symmetries. For helical polymers, X-ray crystal structure analysis is powerless because the
symmetry of the helical filament is in most cases incompatible with any crystal symmetry. Electron
cryomicroscopy (cryoEM), however is a powerful tool for the structure analysis of such objects because
fibrous particles suspended in solution can be directly applied onto EM grids for quick freezing so that the
particles are embedded in thin vitreous ice, and electron cryomicrographs are recorded with quite low dose
of electron to reduce the radiation damage on the protein structure. The three-dimensional (3D) image can
be reconstructed by various techniques of single particle image analysis including the classification of
highly noisy image data according to the orientation and/or conformation of each particle and their
accurate alignment and averaging to reduce noise, for which highly parallel computation by using
multiple-CPU clusters makes the data processing fast and efficient. To achieve high-resolution analysis,
we have to focus on various conditions and parameters in the whole procedure of electron cryomicroscopy,
such as cryoEM grid preparation and cryoEM setting that affect the S/N of images, because the accuracy
of image analysis depends on all of them. I have sought to find better conditions to improve the S/N of
images and developed new programs to determine image parameters as accurately as possible. With all
those devices, we are now able to visualize the structures of thin filamentous particles at around 7 A
resolution or better, which allows most of the secondary structures of proteins to be recognized, even for
those specimens with diameters of less than 10 nm that had been considered extremely difficult to do
cryoEM image analysis due to their low image contrast. It is also notable that the whole procedure of
cryoEM structure analysis to achieve such high resolution, which used to take at least a year or two, now

takes only one or two weeks from data collection to image analysis.

I have carried out structural analysis of the bacterial flagellar rod and hook of Salmonella, the
needle of Shigella, and skeletal muscle F-actin, all at ~7 A resolution, and made further devices in cryoEM
image data collection and image analysis to visualize the structure of the stacked disk aggregate of
tabacomosaic virus coat protein at ~4 A resolution.

The structures of the flagellar rod and hook, which are the drive shaft of the motor and the
universal joint connecting the motor with the helical propellor, revealed that the distinct mechanical
properties of the rod being rigid and the hook being flexible in bending are made possible by slightly
different orientation and packing interactions of FlgG and FIgE subunits in the rod and the hook,
respectively, even though these two proteins share a common fold. The hook structure also revealed that
the two o helices, one long and one short formed by the terminal chains in the inner core tube of the hook
are significantly more tilted from the tube axis than the corresponding terminal o helices of the flagellar
filament to produce a ~5 A space along the hook axis to permit the hook subunits to be axially compressed
and extended to for the hook to be flexible against bending to be a universal joint, as compared to the rigid
structure of the filament to be a helical propeller.

A type III secretion system (T3SS) of pathogens is also called injectisome because it has a
relatively long, thin needle tube to deliver virulence effecter proteins into host cells upon attachment of the
needle tip to the host cell membrane. The diameter of the needle is only 70 A, and the tube surface is
feature-less surface, which made its structural analysis difficult. By applying our new cryoEM method,
however, the structure has been visualized at ~8 A resolution, and the secondary structures of the
component protein MxiH is now clearly visible, showing a structural feature that is not present in the
X-ray crystal structure, probably due to different subunit packing interactions in the needle and the crystal.

The stacked disk aggregate of tabaco mosaic virus coat proteins is an interesting assembly
showing a property like amiloid fibers. To elucidate the mechanism of the abnormal stability, I have put
further devices into the cryoEM method to push the resolution to 4 A. The density map clearly shows the
main chain and large side chains, which will enable us to build a reliable atomic model to unravel the
puzzle of abnormal stability of amiloid fibers.

F-actin is not only an essential component of muscle but also plays essential roles in numerous
cellular activities, such as cell motility, morphogenesis and division, through dynamic
assemlbly/disassembly of cytoskeltons. The F-actin structure is like a thin, twisted ribon, with a mixmum
diameter of about 100 A, which has made its high-resolution structural analysis extremely difficult; the
best one to date is 12.5 A, which only reveals domain shape and orientation but not secondary structures.
The structure of F-actin I have obtained at sub-nano metre resolution clearly resolves o helices, B sheets
and loops, and these fine structural features clearly shows the difference in ther positions and
conformations between the model recently refined against X-ray fiber diffraction data and the actual
strcutre.
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