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Polyoma virus ‘hexamer’ tubes consist of paired pentamers
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Abstract

The discovery that the 72 capsomeres of the icosahedrally symmetric polyoma virus capsid are all
pentamers! shows that the expected quasi-equivalent bonding specificity? is not conserved in the
assembly of this virus coat protein. Tubular particles produced by polyoma and other
papovaviruses seem to be polymorphic aggregates of capsomeres? that may arise through variation
in switching of the bonding specificity. Electron micrographs of wide and narrow classes of tubes
were analysed by Kiselev and Klug? using optical diffraction and optical filtering methods. The
wide type were called ‘hexamer’ tubes because they consist of approximately hexagonally arrayed
capsomeres that were assumed to be hexamers?, in accord with the quasiequivalence theory of
icosahedral virus particle construction?. The narrow type were called ‘pentamer’ tubes because the
capsomeres are arrayed in a particular ‘pentagonal tessellation’ which arises from the pairing of
pentamers across 2-fold axes of the surface lattice* Our reexamination of negatively-stained
polyoma virus tubes by digital image processing of low-irradiation electron micrographs shows
that all tubes are assemblies of paired pentameric capsomeres. We report here that the packing
arrangement of the pentamers in the hexamer tubes is simply related to the pentagonal
tessellation® representing the packing in the narrow pentamer tubes. In all the tube structures
examined, at least one pairwise contact between neighbouring pentamers closely resembles the
contact between the pentavalent and hexavalent capsomeres in the icosahedral capsid!

Specimens were prepared from polyoma virus fractions sedimenting between the virion and
capsid peaks on a sucrose density gradient. Electron micrographs of the negatively-stained
specimens show the order of one tubular particle for every 100 icosahedral particles
(diameter 450-500 A). The most frequent tube structures (Fig. 1A) have a diameter of 400—
450 A and are built of approximately hexagonally packed capsomeres arrayed with one of
the lattice lines at a small angle to the particle axis. Similar hexagonal packing is observed in
tubes of diameter ranging from 275 to 525 A. Micrographs of shadowed specimens show
that the tubes are flattened and the near axial rows of capsomeres are inclined to the left,
thus defining the hand of the surface lattices. About 10% of the tubes are the narrow (~300
A diameter) pentamer type®.

Diffraction patterns were computed from images of minimally irradiated (<20 e~ A=2)
specimenss®, negatively stained with 1 % uranyl acetate. Figure 1B is representative of the
hexamer tube diffraction patterns. The patterns from the front and back sides are related by
approximate mirror symmetry about the meridional axis. Twelve pairs of dominant spots
due to diffraction from the top hexagonal array of capsomeres (away from the grid as
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established from shadowed specimens) are marked by circles in Fig. 1C. This indexing,
which is the same as that defined by Kiselev and Klug#, omits six additional spots, marked
by squares, located at positions corresponding to a repeating unit of twice the area of the
simple hexagonal unit cell. The intensity of these additional spots is sensitive to irradiation,
although some are still evident even after exposure to >100 e~ A=2. For example, in the first
analysed diffraction pattern from a polyoma virus hexamer tube* (from a micrograph
recorded with conventional high irradiation) one strong and several weak spots from the
larger unit cell can be discerned, as we now know where to look. Our scheme for indexing
the hexamer tube diffraction pattern identifies a near orthogonal unit cell. From the average
of measurements on 18 flattened hexamer tubes, the cell dimensions for the front surface are
89 x 137 A subtending an angle of 83° and the cell is oriented with the short axis at ~45° to
the right of the tube axis; for the back surface (in contact with the support film) the
dimensions of the approximately mirror symmetric cell are 95x147 A, subtending an angle
of 89°. The shrinkage of the top surface relative to the bottom is typical for negatively-
stained specimens®

The filtered image (Fig. 2A), computed for the front layer using the 18 pairs of spots indexed
in Fig. 1C, shows the packing arrangement of the pair of capsomeres in the unit cell. The
capsomeres appear pentagonally shaped in the clearest parts of the filtered image and are
arranged in a surface lattice having p2 symmetry. Models built of regularly packed,
pentagonally symmetric units have been constructed to fit the features seen in the filtered
micrographs. A computer-generated image of the front view of the planar model (with
lattice dimension corresponding to the upper layer of the flattened tube) is compared with
the filtered electron micrograph in Fig. 2B.

The relation of the pentamer packing in the hexamer tubes to that in the pentamer tubes? is
illustrated in Fig. 3. Common to both is a zigzag ribbon arrangement of pen tamers
connected by adjacent edge-to-edge contacts; this ribbon motif is inclined at an angle of
~45° up to the right of the tube axis. Within a ribbon in the tube surface, the adjacent edge-
to-edge dimer contacts are of two different types: one indicated by the nearly vertical ‘zig’
lines in Fig. 3 between the pentamer pairs oriented in the axial direction, and the other by the
nearly horizontal ‘zag’ lines between the pentamer pairs in the direction of maximum
curvature. Each pentamer in the zigzag ribbons of the pentamer tube tessellation* (Fig. 3B)
makes a third type of edge-to-edge dimer contact in a diagonal direction (inclined up to the
left) with a pentamer in a neighbouring ribbon. In the hexamer tube surface lattice (Fig. 3A),
the ribbons are shifted so that each pentamer makes a short edgeoverlap dimer contact and a
vertex-to-vertex pairing with two pentamers in an adjacent ribbon. The directions of these
two types of inter-ribbon contacts in the hexamer tube lattice are nearly parallel to the zig
and zag lines in Fig. 3A. This hexagonally coordinated arrangement of pentamers produces a
pattern of unequally spaced pairs of small triangular gaps between ribbons. Alignment of the
ribbons in the pentamer tube lattice to form the diagonal edge-to-edge contacts (Fig. 3B)
generates the distinctive pattern of large lozenge-shaped gaps that is a dominant feature of
the electron microscope images*

All the polymorphic tubular assemblies of polyoma virus capsomeres that we have analysed
are constructed from paired pentamers. A rare class of wide tube, to be described elsewhere,
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is built of edge-to-edge bonded pentamer dimers oriented alternately parallel and
perpendicular to the tube axis in an approximately square surface lattice. The curvature of all
the tubular surface lattices requires bending at the.,edge-to-edge connection between the
pentamer pairs oriented in the circumferential direction. We infer that this bent contact
between pen tamers in the wide hexamer tubes is similar to the edge-to-edge connection
between the pentavalent and hexavalent pentamers in the capsidl, whose axes subtend an
angle of ~25°; greater bending of the circumferentially oriented pentamer pairs is needed to
form the narrow pentamer tubes. The two other types of contacts identified between pairs of
hexavalent pentamers in the capsid® are similar to the two kinds of dimer contacts between
pentamers of adjacent zigzag ribbons in the hexamer tubes. Thus, the polymorphism of the
tubular aggregates correlates with the variable bonding potential of the pentameric
capsomeres evident in the icosahedral capsid.

The quasi-equivalence theory of icosahedral virus particle construction? required hexamers
as well as pen tamers of the protein subunits to conserve bonding specificity. Previous
observations on the structure of papovavirus capsids and their polymorphic variants were
believed to be consistent with this theory. In retrospect, there was no compelling
experimental evidence to support the belief in the existence of hexameric capsomeres in
papovaviruses. Our recent X-ray diffractionl: 7- 8 and electron microscopy studies are
compatible with the previous observations and show that all polyoma virus capsomeres are
in fact pentamers. The logic of the all-pentamer assembly may be explained by a capsomere
model with switch able bonding specificity that can build the icosahedral capsid and the
polymorphic tubes.
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Fig. 1.
Indexing of the diffraction pattern from a polyoma virus hexamer tube image shows that the

true unit cell is twice as large as the simple hexagonal cell previously described* The
electron micrograph (A) is representative of the most frequent class of hexamer tube. The
tube, capped at both ends, appears uniformly flattened except where it is supported by the
adjacent icosahedral capsid. Superposition of the front and back lattices gives rise to a
characteristic criss-cross pattern of near axial rows of capsomeres. Scale bar, 500 A. The
diffraction pattern computed from the area boxed in A is shown in B and again in C with
indexing of the spots arising from the top layer (away from the grid) of the flattened tube.
Circles indicate spots from the simple hexagonal unit cell, which would contain only one
capsomere, and the squares mark additional spots from the repeating unit of double this size.
Spots from the bottom side (not marked) lie on a lattice related to that from the top by
approximate mirror symmetry about the meridional axis (dashed line). The reciprocal lattice
unit cell for the top layer is marked at the centre of the pattern.
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Fig.2.
The filtered image of the front layer of a flattened hexamer tube corresponds to a model

surface lattice built of pairs of pentamers arrayed with p2 symmetry. Image A was computed
from the diffraction pattern of the portion of the tube boxed in Fig. 1A. The pattern was
filtered to include the spots indexed in Fig. 1C and the equator (with the equator and the
meridional pair of spots given half weighting). The planar model (B) was built in the
computer from regular pen tamers arranged in a p2 lattice at the coordinates measured for
the capsomeres in the unit cell of the filtered image. One choice of unit cell is boxed.
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Fig.3.
Comparison of the pentamer packing in hexamer (A) and pentamer (B) tube surface lattices

illustrates correspondences in bonding contacts. The ‘zig’ and ‘zag’ lines (oriented
respectively nearly vertically and horizontally along the diagonally directed ribbon) indicate
the two classes of dimer ‘bonds’ between pentamers that are conserved in the hexamer and
pentamer tube lattices. These planar models were constructed with equivalent connections
for the differently oriented edge-to-edge bonds between the pentagonal units, and the
packing width of the zigzag ribbon in A was made the same as in B. In the cylindrically
curved tube surface, the differently oriented edge-to-edge contacts are non-equivalently
bent. Furthermore, the relative separations of capsomeres in the different bonding directions
measured from electron micrographs are slightly distorted compared to these idealized
models. Circumferential vectors corresponding to different tube structures are marked by
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arrows between equivalent lattice points. Models of the tubes can be constructed from these
plane lattices by cutting out rectangles based on the circumferential vectors and connecting
the vertical edges to form cylinders. Two of the frequently observed size of hexamer tubes
are indicated by the arrows at the top of A. the dashed one representing the circumference of
the tube in Fig. 1A. Hexamer tubes of larger and smaller diameter have circumferential
vectors in approximately the same direction as the marked arrows. The circumferential
vectors of the zero- and one-start pentamer tubes* (which are the only identified narrow
tubes of this type) are marked by the solid and dashed arrows, respectively, at the bottom of
B.
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