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Cryo-EM of Helical Polymers at Near-atomic Resolution Yields Many Surprises
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It was over fifty years ago that the first 3D reconstruction from electron microscopy was published (1),
and this happened to be a helical phage tail. It was no accident that this was a helical specimen, and not
just because helical polymers are so abundant in biology. From one point of view helical objects are the
simplest to reconstruct: a single image of a helical filament may provide all of the information needed for
a 3D reconstruction. Fourier-Bessel methods of reconstruction (2) dominated the field for the next 30
years, but now real-space approaches have become the standard (3). With the advent of direct-electron
detectors, reaching a near-atomic resolution for helical polymers has become the standard, rather than the
exception. For example, we have now re-examined a helical phage tail with ~ 1,000 times more
information than what was accomplished in 1968 (4). However, problems in determining the correct
helical symmetry can persist even when one reaches a resolution of ~ 5 A (5). In addition, the highly
anisotropic environment present in thin films prior to vitrification, the compressional forces associated
with these thin films, and fluid flow with associated shear, can all impact the structure of the filaments
being examined (6-10). I will discuss these problems and potential solutions while giving an overview of
some of our own efforts involving everything from viruses infecting hosts living in nearly boiling acid
(11-13) to microbial nanowires (14), with stops along the way at bacterial and archaeal flagellar filaments
(15) and bacterial and archaeal pili (16). Some common themes emerge from these studies, such as how
small changes in sequence can be amplified by very large changes in quaternary structure (17), and this
may be an under-appreciated mechanism in evolutionary divergence. Structural studies can also identify
deep evolutionary relationships that are not evident in sequence comparisons, due to the fact that protein
folds may be highly conserved while the sequences diverge (12).
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