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Nucleocytoplasmic large DNA viruses (NCLDVs) blur the line between viruses and cells. Melbournevirus (MelV,
family Marseilleviridae) belongs to a new family of NCLDVs. Here we present an electron cryo-microscopy
structure of the MelV particle, with the large triangulation number T = 309 constructed by 3080 pseudo-
hexagonal capsomers. The most distinct feature of the particle is a large and dense body (LDB) consistently found
inside all particles. Electron cryo-tomography of 147 particles shows that the LDB is preferentially located in
proximity to the probable lipid bilayer. The LDB is 30 nm in size and its density matches that of a genome/
protein complex. The observed LDB reinforces the structural complexity of MelV, setting it apart from other

1. Introduction

Nucleocytoplasmic large DNA viruses (NCLDVs) share genetic and
structural traits (Iyer et al., 2001). Comparative genomics of NCLDVs
has evoked speculations on the origin of DNA viruses as a distinct do-
main of life and their role in the evolution of cellular organisms
(Abergel et al., 2015; Claverie and Abergel, 2013).

A large variety of icosahedral NCLDVs has to date been isolated
from unicellular eukaryotes such as algae and amoeba (Claverie et al.,
2009; Dornas et al., 2014; La Scola et al., 2003; Monier et al., 2008;
Reteno et al., 2015; Saadi et al., 2013; Santini et al., 2013; Van Etten
et al.,, 1982; Yan et al., 2005). Marseilleviridae, including Melbourne-
virus (MelV) reported in this study, is a recently established family
among the large amoebal NCLDVs (Colson et al., 2013; Doutre et al.,
2014). They form capsids that vary in size from 190 to 250 nm. The
particle architecture and the protein-encoding genes places them tax-
onomically in a unique family separated from other NCLDVs (Aherfi
et al., 2014; Doutre et al., 2015, 2014; Thomas et al., 2011). All these
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NCLDVs seem to share an evolutionary relationship, albeit complex,
based on a core set of conserved genes such as the major capsid protein,
the DNA polymerase and other common enzymes, and their virion
structures (Iyer et al., 2001; Koonin and Yutin, 2010; Yutin and Koonin,
2012).

Structural studies of the NCLDV particles are important for under-
standing their assembly, mechanism of cell entry, and evolution.
Electron cryo-microscopy (cryo-EM) structures of viral particles of
NCLDVs have shown that some of the large capsids adopt regular ico-
sahedral lattices with large triangulation numbers (T-number) built up
by an evolutionary related major capsid protein (MCP) (Andreani et al.,
2017; Ang and Schaposnik, 2017; Klose et al., 2010, 2016; Kuznetsov
et al., 2010; Sinkovits and Baker, 2010; Xiao et al., 2005, 2017, 2009;
Yan et al., 2005, 2000). The MCP consists of two jellyroll motifs, similar
to many other dsDNA viruses, and the pseudo-hexametric capsomer
unit is composed of a trimer of MCPs. The capsids of these large viruses
tend to disintegrate into pentagonal and triangular units (penta-
symmetrons and trisymmetrons) where the triangular units do not
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Fig. 1. Images of cryo-frozen MelV particles and single particle 3D reconstruction. A) A SDS-page gel of the purified virions used for the single particle analysis. The arrow indicates the
band of the conserved MCP. White asterisks indicate 10 abundant major proteins. B, C) Raw images of the MelV. Black arrows in B) and white dotted circle in C) indicate LDBs. White
arrows in C) indicate the double-layered membrane. D) Fourier shell correlation between two independently reconstructed half sets of images with an inner mask applied. The resolution
estimated by a 0.5 cutoff is 26.3 A.E) The T = 309 capsid lattice of the MelV. Surface plot of the reconstructed 3D structure at an isodensity contour level of 2.0 o coloured according to
the distance from the center of the virus particle (green < 1050 A, yellow < 1070 A, red < 1200 A. The T-number was determined by counting the number of the protrusions in the lattice
(black arrows and white circles). Each protrusion represents a capsomer. With h = 7 and k = 13 it corresponds to T = 309. F) Close-up view of the surface protrusions that are the tips of
the pseudo-hexagonal capsomers. G) A cross-section of the 3D density perpendicular to a 5-fold axis. The capsid and membrane structures were rendered at an isodensity contour level of
1.0 o using a cryo-EM model at the resolution of 35.0 A without applying any inner mask.

necessarily correspond to the triangular facets of the approximately
icosahedral capsid (Nandhagopal et al., 2002; Wrigley, 1969). In ad-
dition to these regular capsid traits of the NCLDVs, some NCLDVs
possesses unique features such as the stargate, long fibers and internal
multi-layered membranes of the Mimivirus particle (Abergel et al.,
2015; Arslan et al., 2011; La Scola et al., 2003; Schrad et al., 2017; Xiao
et al., 2005, 2009), the unique vertex of the Paramecium bursaria
Chlorella virus 1 (PBCV-1) particle (Cherrier et al., 2009), and the
double-layered capsids of Faustovirus (Klose et al., 2016). Here we
present a cryo-EM structure of the MelV particle, displaying unique
structural features that set it apart from other NCLDVs.
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2. Results
2.1. Identification of structural proteins of the MelV particle

The MelV genome encodes 403 open reading frames. Purified vir-
ions contain at least 10 major (abundant) proteins and many minor
proteins (Fig. 1A). The most intense band of the SDS-PAGE appears at
around 50 kDa (black arrow in Fig. 1A) and is thought to correspond to
the MCP (predicted molecular weight of 52.4 kDa). The purified virus
particles were also analyzed by tandem mass spectrometry (MS)-based
proteomics analysis after 9 M urea treatment (Supplementary Table S1
and S1-2). The MCP was identified as well as histone-like or histone-
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related proteins, several putative viral enzymes (a cysteine peptidase,
helicases, AAA-family ATPases, thioredoxins, putative serine/threonine
protein kinases, an uracil-DNA glycosylase, a putative glycosyl-
transferase, a mannosyltransferase, an amine oxidase, a putative ribo-
nuclease and a sulfhydryl oxidase) and many functionally un-
characterized proteins were identified. We also identified some putative
membrane proteins.

2.2. Cryo-EM and single particle analysis (SPA)

The icosahedral MelV particle is ~ 230 nm in diameter (Fig. 1B). An
approximately spherical double layer, assumed to be an inner mem-
brane, can be observed beneath the icosahedral capsid (white arrows in
Fig. 1C). Almost all particles show a dense interior, which indicates that
most of them are filled with the viral genome and proteins. All particles
clearly display an interior spot, approximately 30 nm in diameter that is
much denser than the rest of the interior. The shape of the large and
dense body (LDB) does not seem to be spherical and the location within
the particle is not fixed, but it is consistently present (black arrows in
Fig. 1B and a white circle in Fig. 1C). Bubblegram imaging was used to
visualize an inner body of the large bacteriophage ¢KZ, showing that it
has a chemically distinct radiation response, different from protein
components (Wu et al., 2012). The LDB of MelV did not show a specific
radiation damage profile (Supplementary Fig. S1).

In total, 7005 cryo-EM projection images of virus particles were
used for the 3D reconstruction. The final resolution was estimated to be
26.3A by calculating the Fourier shell correlation (FSC) between two
independent half-sets and using a 0.5 cutoff (Fig. 1D). The distance
between the two farthest 5-fold vertices of the capsid is 232 nm. The
capsid surface is covered with ordered protrusions (Fig. 1E, F). Simi-
larly ordered protrusions have previously been reported in the struc-
tures of other related NCLDVs at intermediate resolution, and assigned
as the pseudo-hexagonal capsomers built up by the conserved trimeric
MCP (Nandhagopal et al., 2002; Yan et al., 2005). The ordered pro-
trusions of the MelV particle are approximately 75A in diameter
(Fig. 1F), which is in the range of the capsomer size of other NCLDVs
(Nandhagopal et al., 2002). The approximate thicknesses of the capsid
and the membrane are 84 A and 30 A, respectively (Fig. 1G). The in-
ternal membrane appears to bulge out near the 5-fold axis (Fig. 1G).

2.3. Geometry of the capsid

The allowed T-numbers are defined by the formula T = h? + hk +
k? where the integers h and k define the number of lattice points be-
tween neighboring vertices (Caspar and Klug, 1962). At the given re-
solution of the reconstruction, the hexameric capsomers of the MelV
particle appear as ordered protrusions (Fig. 1F). Counting the number
of capsomers between two neighboring 5-fold vertices (Fig. 1E), we
conclude thath = 7,k = 13, and T = 309 for the MelV capsid lattice.
The indexing of the capsid lattice was confirmed by comparing the
reconstruction with simulated levo or dextro handed lattices, i.e. (h, k)
= (7,13) or (h, k) = (13, 7), respectively (Supplementary Fig. 52). A
theoretical analysis of the possible pentasymmetron-trisymmetron
models of large NCLDVs was previously reported (Simpson et al., 2003)
and later formalized into a set of selection rules (Sinkovits and Baker,
2010). According to the theory, the size of the pentasymmetrons and
trisymmetrons correlates with the h and k values used for T-number
determination. In the case (h, k) = (7, 13), the lattice consists of
pentasymmetrons with 4 capsomer long edges, and trisymmetrons with
16 capsomer long edges, giving 30 and 136 capsomers in each penta-
symmetron and trisymmetron, respectively (Fig. 2 and Table 1). The
total number of pseudo-hexagonal capsomers is 3080 (Table 1), which
in turn are assembled by 9240 MCPs in the entire capsid lattice.
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2.4. Distribution of LDBs analyzed by electron cryo-tomography

Full 3D models of 147 complete virus particles were obtained by
electron cryo-tomography (cryo-ET). In these models the LDB appears
as a compact object with high density in an off-centered position close
to the capsid/membrane (green isosurface in Fig. 3A). Assuming the
weak phase approximation (Vulovic et al., 2014), the image intensity is
locally proportional to the object density. The density of the LDB is
estimated to be around 1.60g/cm?®, significantly higher than the
average density of the vitreous ice (density 0.92 g/cm®) and the peak
density of the capsid (typical protein density 1.36 g/cm®) (Perlman
et al., 1982; Spahn et al., 2000). The rest of the interior regions have a
density in the range of 1.10-1.30 g/cm® (Fig. 3B). Multiple 3D sub-
tomograms of MelV particles were aligned to the one unique vertex that
was the closest to the LDB, and these aligned subtomograms were
averaged (Fig. 3C). The delocalization of the LDB consequently blurs its
density, but it seems to most commonly be located near the capsid/
membrane (Fig. 3C). The 3D probability distribution of the LDB was
calculated from the coordinates of the vertices and the LDB (Fig. 3D, E,
Movie S1). The majority of the LDBs are located 400 A from the nearest
vertex and 166 A below the membrane (Fig. 3E), but rarely exactly on
the 5-fold axes (Fig. 3D). A small number of LDBs are located near the
center of the particles (Fig. 3D).

3. Discussion

An early preliminary reconstruction showed that Marseilleviridae
form icosahedral particles (Boyer et al., 2009). The present MelV virion
reconstruction is the first Marseilleviridae structure where it is possible
to determine the capsid geometry including the T-number (Fig. 1).
Evolution towards larger capsids seems to favor increasing the size of
the trisymmetrons rather than the pentasymmetrons (Fig. 2 and
Table 1). The pattern is further confirmed by the recently reported
Pacmanvirus (h = 7, k = 13) and CroV (h = 7, k = 18) structures
(Andreani et al., 2017; Xiao et al., 2017). By keeping the penta-
symmetrons fixed, the required adaptations are limited to the tri-
symmetron size as well as of the interfaces between them. Further
studies of other smaller Marseilleviridae virions are required to clarify
the relationship between the capsid size and the size of the penta-
symmetrons and trisymmetrons.

The LDB is clearly a unique feature of MelV (Figs. 1B, C, and 3). No
similar interior complex has been reported in the structures of other
NCLDVs (Reteno et al., 2015; Xiao et al., 2009; Yan et al., 2005, 2000),
while an inner body was found in the virion of the large bacteriophage
GKZ (Wu et al., 2012). It is surprising that a large 30-nm object, similar
in size to a small virus or to a ribosome, is incorporated into a virus
particle (Figs. 1B, C and 3). Several giant amoeba viruses episodically
form dot-like or interior fibrillar components (Legendre et al., 2014;
Philippe et al., 2013), but in MelV every imaged virus particle has such
a component. The position of the LDB is not fixed in the virion, however
rarely located exactly on the 5-fold axis or near the center of the par-
ticle, and seems to be loosely restrained to the proximity of the capsid/
membrane (Fig. 3D). This restriction of the LDB localization may be the
result of an interaction between the LDB and the membrane. The LDB is
estimated to be around 1.2 times denser than the capsid layer of the
virus (Fig. 3B). It is however difficult to pack proteins into the LDB in a
manner that makes them denser than the capsid lattice. A previous
study of bulk cross-linked chromatin fragments (Schwartz et al., 2005)
indicated a density of 1.39-1.42g/cm®, while the density of cross-
linked proteins is <1.25 g/cm® and the density of free DNA is <1.69 g/
cm®. The presence of several histone-like structural proteins based on
our result of MS/MS tandem spectroscopy (Supplementary Table S1)
encourages the hypothesis that the LDB consists of a nucleoprotein
complex. Other Marseilleviridae viruses were also reported to express
several histone-like proteins (Aherfi et al., 2016; Boyer et al., 2009;
Doutre et al., 2014; Erives, 2017). It is however not feasible to pack the
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Melbournevirus
T=309

Fig. 2. Trisymmetron and pentasymmetron organization of CIV (EMDB Accession code: 1580), PBCV-1 (EMDB Accession code: 5378) and MelV particles. The number of capsomers on
each edge are shown in the figure. Yellow triangles indicate 3-fold axes and a red pentagon a 5-fold axis. Three white circles in every hexagonal capsomer (the bottom expansion plains)
indicate the trimeric MCPs that compose the capsomer. Pentasymmetrons with 4 capsomer long edges are common to all virus species.

Table 1
Pentasymmetron and trisymmetron organization in five giant viruses.

CIV  PBCV-1 PpV0l Faustovirus MelV
Size
Diameter nm 185 190 220 240 232
T number
(h, k) 7,7) (7,8 (7,100 (7,12) (7,13)
T 147 169 219 277 309
Hexagonal capsomers
Trisymmetrons
Capsomers on each edge 10 11 13 15 16
®*
The number of capsomers 55 66 91 120 136
Ny
Pentasymmetrons
Capsomers on each edge 4 4 4 4 4
™™
The number of capsomers 30 30 30 30 30
Np)™®
Total number of capsomers 1460 1680 2160 2660 3080
Pentagonal capsomers
Total number of capsomers 12 12 12 12 12

1T = Pf2 = (W2 + h*k + k32 %t = (h + 2k — 1)/2 ° N,
+ 1)/2 N, = [5(h*-1)]1/8.

[(h+2K)>-11/8“p = (h

entire 369 kbp genome into such a small volume as the LDB, but a part
of the genome may be more densely packed or bound to transcription
factors or a helicase of the MelV. The density of a eukaryotic ribosome
is approximately 1.60 g/cm® in free form (Vournakis and Rich, 1971)
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and the estimated density of the LDB agree with that of the ribosome,
although Mollivirus is the only giant amoebal virus that is known to
incorporate host ribosomal proteins (Legendre et al., 2015). The host
ribosomal protein was not detected in our proteomics analysis of the
purified MelV particles. Alternatively, the LDB might be a ribonucleo-
protein particle, a complex formed between RNA and RNA-binding
proteins. The RNA moiety could be constituted of transcripts (mRNAs)
encoding proteins needed to initialize the infectious cycle, ready to be
translated in the host cytoplasm. Interestingly, the presence of mRNAs
has been detected in the particles of Noumeavirus, another member of
the Marseilleviridae family (Fabre et al., 2017). Another possibility is
that these mRNA might be complexed with several of the predicted
RNA-binding proteins detected in the particle, some of them in high
abundance (e.g. helicases, capping enzyme) (Supplementary Table S1).
The LDB did not show increased radiation sensitivity compared to the
rest of the viral components in bubblegrams (Supplementary Fig. S1). It
is difficult to interpret the structure of the LDB in our current limited
resolution SPA and tomographic models of the MelV particle. It is
challenging to determine the structure of an asymmetric object like the
LDB in the dense icosahedral capsid. To better understand the function
of the LDB, we would need to have a better understanding of its com-
position. Ideally one would like to isolate and purify LDB particles, but
it has proven to be difficult to break up the rigid capsid while keeping
the LDB structure intact. We hope to overcome these difficulties in the
future and be able to reveal the function of the unique LDB.
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Fig. 3. Cryo-ET 3D reconstruction of the MelV particle, and the
intensity and the position of the LDB. A) One of the boxed 3D
tomographic reconstructions of the MelV particle. The outer
capsid and the membrane, the LDB, and the other interior frag-

Relative density

161 glom?® ments are shown with white, green, and blue isosurfaces, re-
spectively. B) The relative image intensity in a cross-section of the
virion in A), which corresponds to the relative density of the

1.37 specimen in a weak phase approximation. C) A cross-section of a
subtomogram-averaged model of the MelV particle. The LDB is

1.14 blurred in the model by their variable localizations. D) Spatial
distribution of the LDB. The grey and white surfaces indicate the

0.90 capsid and membrane of the SPA modﬂel, respectively. The prob-
ability of the spatial distribution (per A®) of the LDB in the MelV

- particle is shown in a color gradient (3.0-22.0 x 10°/A%). C, D)

The 5-fold axes are indicated with yellow lines (The closest 5-fold
axis of the LDB is indicated with a solid yellow line). E)
Distribution of the radial distance of the LDB from the closest 5-
fold vertex and the membrane (Green histogram). The purple
curve shows the probability of finding the LDB, assuming a uni-
form distribution in the MelV particle.
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4. Materials and methods
4.1. Virus propagation and purification

MelV was propagated in Acanthamoeba castellanii cells cultured in
PPYG medium (2.0% w/v proteose peptone, 0.1% w/v yeast extract,
4mM MgSO,4, 0.4mM CaCl,, 0.05mM Fe(NH4)1(S04),, 2.5mM
Na,HPO,, 2.5 mM KH,PO,, and 100 mM sucrose, pH 6.5). The protocol
used to purify particles was described previously (Doutre et al., 2014).
In short, the infected culture fluid was collected and centrifuged for
10 min at 500 g, 4 °C to remove cell debris. The supernatant was cen-
trifuged for 35 min at 6500 g, 4 °C. The pellet was suspended in 1 mL of
PBS buffer. The suspended sample was loaded onto a 10-60% sucrose
gradient and centrifuged for 90 min at 6500 g, 4 °C. The concentrated
band was collected and dialyzed in PBS. The dialyzed sample was
centrifuged for 35 min at 6500 g, 4 °C, and the pellet suspended in PBS
was used for further proteomics and cryo-EM analysis.
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4.2. Cryo-EM image acquisition and single particle analysis

Purified virus particles were applied onto a holey carbon grid (R1.2/
1.3 Quantifoil Micro Tools GmbH, Germany) pretreated by glow-dis-
charge, and plunged-frozen in liquid nitrogen-cooled ethane using a
Vitrobot Mark-IV (FEI Company, USA). The ice-embedded sample was
observed using a field emission transmission electron microscope (FE-
TEM), JEM2200FS (JEOL Ltd. Japan), at 45,317 times detector mag-
nification (3.31 A/pixel) with an accelerating voltage of 200 kV using a
4k x 4k charge-coupled device (F415, TVIPS GmbH, Germany) and an
electron dose of ~20 e~ /A2 An omega-type energy filter was applied
to obtain zero-loss electrons (20 eV slit width). The underfocus values
were approximately 1-5um. EMAN2 was used for reconstructing the
3D structures from the images (Tang et al., 2007). Virus particles were
boxed separately using e2boxer.py (EMANZ2). Contrast transfer function
(CTF) calculations and amplitude corrections were performed on boxed
particles by e2ctf.py (EMANZ2), and then manually verified by adjusting
the defocus and B-factor values. Several random icosahedral initial
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Movie S1. Spatial distribution of the LDB. Supplementary material related to this article
can be found online at http://dx.doi.org/10.1016/j.virol.2018.01.021.

models were calculated using class-averaged virus particle images. In-
itially 1979 virus particles were used for the 3D reconstruction. The
signals from the obtained images were weak, so pixel binning was ap-
plied when calculating the first model. The pixel size after binning was
6.62 A/pixel. Icosahedral symmetry was imposed during the 3D re-
finement. During the reconstruction process, outer radial masking, low-
pass filtering, and FSC calculations were applied by the EMAN2 pro-
gram. The calculations were conducted using a CPU cluster using
100-200 CPU cores per job. After 12 iterative steps of refinement, the
first SPA model was generated, which was estimated to have a resolu-
tion of 35.0 A using a FSC resolution cutoff of 0.5. Then, total 7005
particle images without binning (3.31 A/pixel) and the 35.0 A starting
model were used for reconstructing the final model. After 10 iterative
steps of refinement with inner and outer masking, the final SPA 3D
model was generated, and the reconstruction was estimated to have a
resolution of 26.3 A with a FSC resolution cutoff of 0.5. The 3D volume
of the final model was visualized by UCSF Chimera (Pettersen et al.,
2004).

4.3. Tomographic reconstruction and data analysis

Five microliters of the virus sample was mixed with the same
amount of 15nm fiducial marker gold colloids. The specimen was
loaded onto a holey-carbon grid (R1.2/1.3 Quantifoil) and plunged-
frozen in liquid nitrogen-cooled ethane, and imaged with a FE-TEM,
JEOL JEM2200FS, at 24,116 times detector magnification on a 4k x 4k
charge-coupled device (TVIPS, F415) with an accelerating voltage of
200 kV. Specimens were tilted from 70° to —70° with 2° angular steps.
Images were binned up to 12.11 A/pixel after collecting the data. The
alignment of the images and the final tomograms were calculated by
the IMOD software (Kremer et al., 1996) using the colloidal gold fi-
ducial markers. A total of 147 subtomograms of the MelV particle were
picked up by EMAN2 (Tang et al., 2007). These particles were low-pass
Gaussian filtered by e2proc3d.py (EMAN2). The subsequent post-to-
mographic image processing was performed using EMAN1 (Ludtke
et al.,, 1999; Tang et al., 2007). The 20A low-pass filtered sub-
tomograms were aligned to the SPA model of the MelV particle. These
aligned subtomograms were symmetrically rotated to place the LDB to
the same asymmetric unit of the icosahedral capsid. The subtomogram-
averaged model of the MelV particle was calculated by averaging the
oriented subtomograms. To characterize localizations of individual
LDBs, the coordinates of the vertices and the interior LDB were de-
termined by the following procedure. First, the final SPA model was
rotated to match the orientation of the each low-resolution sub-
tomogram particle. Then, the coordinates of the vertices of the capsid of
the SPA model and the densest region within the LDB in the tomo-
graphic model were determined by manual selection using the Chimera
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software (Pettersen et al., 2004). The probability distribution of the
LDB was calculated by the coordinates of 147 LDBs positions in the
MelV particle applying an isosurface level to these LDB positions.

4.4. Data deposition

The 2.6nm MelV cryo-EM model was deposited to EMDB
(EMD3868).
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