Intervirology

Intervirology 2010;53:268-273
DOI: 10.1159/000312911

Published online: June 15,2010

The Three-Dimensional Structure of

Mimivirus

Thomas Klose?

Alexander McPherson® Michael G. Rossmann?

Yurii G. Kuznetsov® Chuan Xiao€

Siyang Sun?

aDepartment of Biological Sciences, Purdue University, West Lafayette, Ind., PDepartment of Molecular Biology
and Biochemistry, University of California, Irvine, Calif., and “Department of Chemistry, University of Texas,

El Paso, Tex., USA

Key Words

Atomic force microscopy - Cryo-electron microscopy -
Mimivirus, three-dimensional structure -
Nucleocytoplasmic large DNA viruses

Abstract
Mimivirus, the prototypic member of the new family of
Mimiviridae, is the largest virus known to date. Progress has
been made recently in determining the three-dimensional
structure of the 0.75-pum diameter virion using cryo-electron
microscopy and atomic force microscopy. These showed
that the virus is composed of an outer layer of dense fibers
surrounding an icosahedrally shaped capsid and an internal
membrane sac enveloping the genomic material of the virus.
Additionally, a unique starfish-like structure at one of the
fivefold vertices, required by the virus for infecting its host,
has been defined in more detail.

Copyright © 2010 S. Karger AG, Basel

Introduction
Mimivirus (Acanthamoeba polyphaga Mimivirus), the

largest known virus, was discovered serendipitously in
1992 during an investigation of an outbreak of pneumo-

nia in a hospital in Bradford, England [1]. It was mistak-
enly identified as a bacterium because its fibrous surface
could be Gram-positively stained. However, a prelimi-
nary study of the genome showed that it lacked a number
of genes required by independently living organisms [2].
The same study also showed that Mimivirus is closely re-
lated to Phycodnaviridae (e.g. PBCV-1), Iridoviridae (e.g.
CIV) and Poxviridae; all members of the group of nucleo-
cytoplasmic large DNA viruses (NCLDV). On the other
hand, it was shown that Mimivirus is distinct enough
from other NCLDVs, and therefore represents the proto-
type of the newly defined Mimiviridae family. The com-
plete genome sequence (1.2 Mbp) [3] codes for 911 genes.
Some of these genes, such as those for tRNAs or proteins
involved in amino acid or lipid metabolism, have never
previously been seen in a virus.

An early electron micrograph suggested that Mimivi-
rus might have an icosahedral shape [2, 4]. A subsequent
cryo-electron microscopic (cryo-EM) study [4] con-
firmed that the Mimivirions had at least approximate
icosahedral symmetry and showed that the virus had a
vertex-to-vertex diameter of about 5,000 A with 1,200-A-
long fibers on the surface. The surface fibers create a
dense forest covering almost the whole virus capsid
(fig. 1). Furthermore, a starfish-like structure was identi-
fied [5, 6] at one of the fivefold vertices on all mature

KARG ER ©2010 S. Karger AG, Basel
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/int

Dr. Michael G. Rossmann

Hockmeyer Hall of Structural Biology, Purdue University

249 S. Martin Jischke Drive

West Lafayette, IN 47907-1971 (USA)

Tel. +1 765 494 4911, Fax +1 765 496 1189, E-Mail mr @ purdue.edu



Fig. 1. Schematic drawing of a model for Mimivirus, based prin-
cipally on AFM images. a View perpendicular to the unique five-
fold axis of the particle. b The stargate assembly. In a the model is
presented in cross-section, and in b clockwise from exterior to
interior as successive layers of structure are revealed. Most exte-
rior (black) are the head proteins of the surface fibers that are at-
tached to the surface fibers themselves (green). The surface fibers
are attached to the anchor protein layer (blue spheres) that covers
the icosahedral capsid (red spheres). Beneath the capsid is an ad-

virions. The arms of the starfish-shaped structure are in-
serted between each of the five triangular faces associated
with the special vertex. This insertion causes the shape of
the virion to significantly deviate from ideal icosahedral
symmetry, resulting in virions that retain only one accu-
rate fivefold symmetry axis passing through the special
vertex. Thus, it was necessary to abandon icosahedral
symmetry in the interpretation of cryo-EM micrographs
in order to obtain a 65-A resolution cryo-EM map [5].
This map, as well as atomic force microscopy (AFM) of
defibered particles, showed surface depressions separat-
ed by 140 A in a hexagonal array [5]. There are two addi-
tional electron-dense layers, presumably membranes,
immediately below the outer capsid layer, a feature that
can also be seen in some other members of the NCLDVs
such as African Swine Fever Virus [7]. Within these two
layers there is a sac surrounding the genomic material.
This sac is separated by a roughly constant distance of
about 300 A from the outer capsid, except in the vicinity
of the special vertex where the sac has a large depression.
The depression creates a cavity between the outer capsid
and the sac underneath the unique pentameric vertex,
which might be filled with enzymes necessary for infec-
tion [4] (fig. 2).
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ditional layer of apparently disorganized protein (or possibly a
lipid membrane studded with a variety of proteins; shown as or-
ange spheres). The space between the inner surface of the capsid
and the lipid bilayer sac (green) are the 7-nm fibers of indetermi-
nate length (orange). Inside the membrane is the genomic DNA
(black) with associated proteins (green). There are many other
proteins within the membrane sac that are not directly bound to
the nucleic acid (shown as pink). Reproduced from [23].

Capsomer Surface Lattice

There are only a few structural motifs used in the as-
sembly of viral capsids. One of the most common of these
motifs is the ‘jelly-roll” fold found in both RNA and DNA
viruses [8, 9]. It consists of two opposing [B-sheets, each
consisting of four anti-parallel (B-strands creating a
wedge-shaped structure. When the strands are sequen-
tially named A through I along the polypeptide chain,
then the order of B-strands in each sheet will be given by
BIDG and CHEF. The capsomers in many viruses consist
of six jelly rolls with their wedge-shaped ends pointing
towards their sixfold axis. In many viruses, as in the RNA
picornaviruses [9], the capsomers consist of two different
proteins, each folded into a jelly-roll which occur alterna-
tively in the capsomer. In yet other viruses, the two jelly-
roll folds are joined into a single polypeptide by a short
linker as in some NCLDVs [10, 11] including adenovi-
rus [12]. The double jelly-roll motif also occurs in some
bacteriophages, such as PRD1 [13] or PM2 [14]. Presum-
ably, at some point in the evolution of these viruses the
jelly-roll motif had been duplicated to have two consec-
utive jelly-roll folds within the same polypeptide. In
NCLDVs the capsomers are arranged into a close-packed
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Fig. 2. CryoEM reconstruction of Mimivirus applying only five-
fold symmetry averaging. a-c Surface-shaded rendering of cryo-
EM reconstruction of Mimivirus. a View onto the starfish-shaped
feature associated vertex. b, ¢ Views from opposite sides of the
starfish-associated vertex. d The starfish-associated vertex re-
moved to show the internal nucleocapsid with its concave surface
facing the special vertex. e Central slice of the reconstruction
viewed from the side of the particle showing the concave face of
the nucleocapsid and the low-density space beneath the starfish-

hexagonal array with local p3 plane group symmetry on
each icosahedral face (fig. 3). In addition to these hexa-
meric capsomers, most NCLDVs have pentameric cap-
somers at each of the 12 vertices consisting of five mono-
meric jelly-rolls.

The major capsid protein of Mimivirus is homolo-
gous with that of PBCV-1 [5] which has a double jelly-
roll fold [10], suggesting that Mimivirus, like other
NCLDVs, has hexameric capsomers consisting of dou-
ble jelly-rolls. Both AFM and cryo-EM reconstructions
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associated vertex. A perfectly icosahedral particle is outlined in
gray to show the extension of the unique vertex. f Central slice
of the reconstruction viewed along the fivefold axis from the
starfish-shaped feature showing the enveloped nucleocapsid
surrounded by a lower density space. The coloring is based on ra-
dial distance from the center of the virus. Gray = 0-1,800 A;
red = 1,800-2,100 A; rainbow coloring from red to blue = 2,100~
2,500 A. Scale bars = 1,000 A. Reproduced from [5].

showed that Mimivirus has a hexagonal array of depres-
sions separated by 140 A on its surface [5]. Each depres-
sion is surrounded by six capsomers arranged with p6
rather than p3 symmetry as in other NCLDVs. The tri-
meric capsomers have alternate orientations differing by
60° surrounding each of the depressions (fig. 3). A sim-
ilar p6 plane group organization had been observed by
cryo-EM for infectious bursal disease virus [15], but the
crystal structure of the virus showed that the cause for
this is an unusual domain organization in the capsid
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Fig. 3. Capsomer arrangement of Mimivirus. Diagram showing
the p6 plane group lattice of capsomers. Each monomer of the
major capsid protein consists of two consecutive jelly-roll folds
indicated by a kidney-shaped outline with the circle at one end
representing the inserted ‘tower’ loop. Three monomers consti-
tute one capsomer. The depressions along one edge are shown in
green. Three fivefold vertices at the corners of a face are shown
with red pentagons. As an example the fivefold vertices are placed
five depressions apart. This would correspondtoh =5and k=5
in terms of the Caspar-Klug p3 plane group hexagonal array of
capsomers (see blue axes). For Mimivirus, there are 19 depres-
sions along an edge. One unit cell of the p6 (Mimivirus) and p3
(PBCV1) are outlined in yellow. The distance between depres-
sions (140 A) and between capsomers (81 A) is shown in yellow.
Reproduced from [5].

protein of the virus [16]. Like other NCLDVs, the atom-
ic structure of the infectious bursal disease virus major
capsid protein [17] has a double jelly-roll structure.

The T Number of Mimivirus

Crick and Watson [18] suggested, as was later verified,
that many viruses might have icosahedral symmetry in
order to maintain the same environment for each of the
60 capsid proteins. Caspar and Klug [19] extended this
concept to include quasi-equivalence for more than 60
subunits in the capsid. They suggested that icosahedral
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capsids of various sizes could be built by placing penta-
meric capsomers at certain positions in arrays of hexago-
nal capsomers, thereby introducing curvature. The tri-
angulation number (T) is dependent on the coordinates
(h, k) that define the relationship from one pentamer to
the closest neighboring pentamer in the hexagonal array
and is given by T = h? + hk + k? [19]. For those viruses
using a double jelly-roll fold and a p3 lattice as their
building block for capsid assembly, the T number equals
the number of jelly-roll folds in one icosahedral asym-
metric unit.

The hexagonal lattice on the surface of Mimivirus is
not sufficiently resolved at the current resolution of 65 A
to identify the h, k vectors and determine the T number
with complete certainty. Therefore, the T number of the
virus can only be estimated to be one of nine possibilities
intherange of 972 < T < 1,200 (h=19 £ land k=19
+ 1). As Mimivirus has a p6 plane group organization, it
is missing a capsomer at each depression which implies
that the number of jelly-rolls will be only 2T/3 [5].

The Starfish and Its Function

The starfish structure of Mimivirus is associated with
one icosahedral fivefold vertex on each virus. The starfish
arms have a width of about 500 A, a thickness of about
400 A and a length of about 2,000 A, almost reaching the
neighboring fivefold vertex. The arms are inserted be-
tween two neighboring triangular surfaces causing a de-
viation of about five degrees from the geometry of an ide-
al icosahedral particle for these five faces. Because there
are no hexagonal arrays of depressions on the arms of the
starfish it is reasonable to assume that the arms are as-
sembled from protein(s) different from the major capsid
protein [5].

Several features associated with the starfish-shaped
structure suggest that it plays a role in the genome deliv-
ery of Mimivirus. EM studies of particles infecting amoe-
ba cells showed the internal contents of the virus moving
into the cell through an opening between the faces that
were previously held together by the arms of the starfish
[5, 6, 20]. Thus, the starfish is referred to as a ‘stargate’ by
Zauberman et al. [6]. Furthermore, as mentioned above,
the space between the starfish-shaped feature and the ge-
nomic sac might be filled with enzymes required to digest
structural components of the host during the initial stag-
es of infection, which would be comparable to the action
of bacteriophages.
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Surface Fibers

The dense layer of long fibers that cover the Mimivirus
surface was one of the reasons why the virus was initially
identified as a bacterium [2]. The surface fibers are resis-
tant to proteases unless first treated with lysozyme, sug-
gesting the fibers are protected by peptidoglycans. This
hypothesis is supported by AFM images that showed
murky material surrounding the fibers which might be
peptidoglycans cross-linking neighboring fibers [5]. Ad-
ditionally, the existence of peptidoglycans could account
for the fact that Mimivirus can be stained Gram-positive-
ly. A possible biological role for the heavily glycosylated
fibers could be that they act as a decoy for attracting
amoeba [21]. Because the genome of Mimivirus contains
several collagen-related genes [3], it was suggested that
collagen-like proteins could build the fibers. However,
even after pretreatment of virus particles with lysozyme,
the fibers are resistant to collagenases, suggesting the sur-
face fibers are not collagen-related.

AFM studies of fibers showed that most of the fibers
released by protease treatment were not shortened but,
instead, are cleaved at their base. In addition, groups of
three or four fibers were found to be attached to a single
disc-shaped feature [5], whereas the distal ends of the fi-
bers were associated with a globular density of smaller
size than the disc.

Analysis of the assembly pathway of Mimivirus in
amoeba showed that fibers are attached to the capsomer
late during assembly [20]. Because the depressions on the
surface of the virus can be seen in the cryo-EM recon-
struction of fibered particles [5], it is unlikely that the fi-
bers are attached to the depressions in the surface hex-
agonal lattice.
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Nucleocapsid and Internal Fibers

The 300-A gap between the genomic sac and the cap-
sid as well as the consistent position of the sac with re-
spect to the special vertex, as seen in the cryo-EM recon-
struction (fig. 2), shows that the nucleocapsid sac is held
within the virus in a rigid and consistent manner. There-
fore, some kind of support must be present in the gap to
hold the nucleocapsid in place. Long internal fibers were
observed by AFM after applying mechanical force to
break the outer capsid layers of Mimivirus. These inter-
nal fibers have a diameter of about 60 A with repeating
units at intervals of about 70 A [5]. The nucleocapsid
might be supported by these fibers but, at this time, there
is no further evidence for this suggestion.

In summary, the size and complexity of Mimivirus is
greater than what is usually anticipated for a virus, but
might be expected for a small cell [22]. Although struc-
tural investigations have been started with AFM and
cryo-EM, these techniques clearly have limitations. AFM
has possibly reached its resolution limits and cryo-EM is
limited by the sample heterogeneity and alack of accurate
icosahedral symmetry. Alternative techniques, such as
cryo-tomography of the whole virus or of thin sections,
might be helpful. Crystallographic determinations of in-
dividual structural proteins and their assembled com-
plexes, together with other techniques, could provide fur-
ther information about the structure of Mimivirus and
its interaction with amoeba.
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