Structure of Sputnik, a virophage, at 3.5-A resolution
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“Sputnik” is a dsDNA virus, referred to as a virophage, that is
coassembled with Mimivirus in the host amoeba. We have used
cryo-EM to produce an electron density map of the icosahedral
Sputnik virus at 3.5-A resolution, sufficient to verify the identity
of most amino acids in the capsid proteins and to establish the
identity of the pentameric protein forming the fivefold vertices.
It was also shown that the virus lacks an internal membrane. The
capsid is organized into a T = 27 lattice in which there are 260
trimeric capsomers and 12 pentameric capsomers. The trimeric cap-
somers consist of three double “jelly-roll” major capsid proteins
creating pseudohexameric capsomer symmetry. The pentameric
capsomers consist of five single jelly-roll proteins. The release of
the genome by displacing one or more of the pentameric capsomers
may be the result of a low-pH environment. These results suggest a
mechanism of Sputnik DNA ejection that probably also occurs in
other big icosahedral double jelly-roll viruses such as Adenovirus.
In this study, the near-atomic resolution structure of a virus has
been established where crystallization for X-ray crystallography
was not feasible.

dsDNA egress | virus assembly | Mimivirus satellite | polypeptide tracing |
cryo-electron microscopy

M imivirus is one of the largest known viruses, first discovered
in a water tower during a search for the cause of a hospital-
acquired pneumonia outbreak in 2003 (1). Mimivirus has a
dsDNA genome and uses Acanthamoeba as its natural host (1).
Sputnik virus was discovered to be associated with Mimivirus
when isolated from amoeba (2). Sputnik can only be propagated
when coinfected with Mimivirus. The amoeba host implies that
both Mimivirus and Sputnik are frequently present in aquatic
food, resulting in disease when humans eat raw food (3). Unlike
most satellite viruses, coinfection decreases the production of
Mimivirus by approximately 70% (2). The requirement of Mimi-
virus for the propagation of Sputnik gave rise to the term “viro-
phage” (4). EM images suggest that Sputnik virus matures in viral
factories together with Mimivirus itself (5). This observation is
supported by in situ hybridization experiments (6), which showed
that Sputnik replicates its genome in viral factories. Other viroph-
ages such as Mavirus and Organic Lake virus, which are associ-
ated with giant dsDNA viruses, have been discovered recently
(7, 8). These virophages might influence the ecosystem of aquatic
environments (8).

Sputnik virions have an AT-rich, circular 18-kb dsDNA genome
with 21 ORFs (1). Genes V20, V19, and V8 were tentatively as-
sociated with the major and two minor capsid proteins, respectively
(1). Sequences homologous to the major capsid protein (MCP)
of Sputnik have been found in Mavirus (19% sequence identity)
and Organic Lake virus (28% sequence identity). Another eight
OREFs of Spunik’s genome have similarity to eukaryal, archaeal,
and bacterial virus genes.

A 10.7-A resolution cryo-EM study of the Sputnik virus (9)
had shown that the capsid protein assembled into an icosahedral
shell with a diameter of approximately 750 A and T = 27 quasi-
symmetry (SI Materials and Methods). Thus, the capsid is composed
of 260 quasi-hexomeric “hexons” and 12 pentomeric “pentons.”
The double “jelly-roll” hexon structure of the Paramecium bursaria
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Chlorella virus 1 (PBCV-1) MCP (Vp54) fitted well into the 10.7-
A resolution cryo-EM density map of Sputnik (9). A mushroom-
like fiber was found associated with the center of each hexon,
although the icosahedrally averaged density suggested that the
fiber had only partial occupancy. The capsid protein appeared to
surround a membrane that enclosed the genome, consistent with
the presence of lipid in the virus.

The capsid structure of numerous icosahedral viruses consists
of several jelly-roll folds organized into pseudohexameric cap-
somers. The jelly-roll structure is a p-barrel formed by two opposing
antiparallel-stranded p-sheets. If the strands along the polypeptide
are identified by B, C, D, E, F, G, H, and I, then the strands in the
two sheets are BIDG and CHEF (10). The jelly-roll structure was
first recognized in the capsid of small icosahedral plant viruses
(11, 12). The structure of small RNA animal viruses such as
picornaviruses were then discovered to have similar tertiary
structures for their capsid proteins as well as similar quaternary
structure for the organization of the viral capsid (13, 14). Some
ssDNA viruses were also found to have a jelly-roll structure for
their capsid proteins (15, 16). The structure of the dsDNA ad-
enovirus capsid protein was found to have two consecutive jelly-
rolls in its MCP (17), giving the base of the capsomer a hexago-
nal shape. A similar double jelly-roll was found in the plant RNA
cowpea mosaic virus (18) and later in PBCV-1 (19). Other
viruses with double jelly-roll MCP structures include the dsDNA
PRD1 bacterial phage (20), the marine phage PM2 (21, 22), the
archaeal Sulfolobus turreted icosahedral virus (23, 24), and
vaccinia virus (25, 26). Furthermore, there are numerous other
viruses that most likely also have double jelly-roll MCPs according
to sequence comparisons, as for instance Mimivirus (1) and African
swine fever virus. Where the structure is known, the double jelly-
roll forms a trimeric “capsomer” that has quasi-sixfold symmetry.
In double jelly-roll structures, large insertions often occur be-
tween p-strands B and D and between F and G. These insertions
form surface features of the virus. The term “tower” has been used
for especially large (approximately 300 amino acids) insertions
between strands DE and FG in the first jelly-roll of the adeno-
virus structure (17), giving the external part of the capsomer a
triangular appearance.

We report here a 3.5-A near-atomic resolution structure of
Sputnik determined by cryo-EM. The MCP was confirmed as
being the product of gene V20 and was shown, as previously
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suggested (9), to have a double jelly-roll structure. The protein
that constitutes the penton was identified as being a combination
of gene products V18 and V19, which had wrongly been assigned
to have a frameshift relative to each other. The resultant V18/19
was shown to be a single jelly-roll structure. A 3.8-A resolution
structure of the emptied Sputnik virus was calculated and com-
pared with the full virus structure, which suggests a possible
mechanism of Sputnik DNA ejection that might apply to other
large dsDNA viruses with double jelly-roll MCPs.

Results and Discussion

Overall Structure of the Sputnik Virus. A 3.5-A resolution, icosahe-
drally averaged map (Fig. 1 A-D) was determined by image re-
construction using approximately 12,000 cryo-EM particles. In
addition, a 3.8-A resolution map of empty capsids was calculated
using approximately 13,000 empty particles. There are 4 and 1/3
hexon capsomers in each icosahedral asymmetric unit of the virus,
where the 1/3 hexon is from a hexon sitting on the icosahedral
threefold axis. In addition there is 1/5 of a penton capsomer ad-
jacent to the fivefold vertex in the asymmetric unit. After the
hexon and penton densities had been interpreted there remained
three similar uninterpreted densities, each representing nine amino
acids, presumably corresponding to the same sequence of a minor
capsid protein. These densities were located on the inside of the
capsid, at the boundary between pairs of hexons (Fig. S1), but are
absent in the empty capsids and must have been associated with
the DNA so as to be able to exit along with the DNA.

Major Capsid Protein. The structures of the 13 MCPs in the icosa-
hedral asymmetric unit were built independently and then re-
fined with the program CNS (27). The refined structure had an
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Fig. 1. Reconstruction of Sputnik at 3.5-A resolution. (A) Reconstruction of
the whole virus, colored according to radius. (B) Fourier shell correlation
(FSC) coefficient plot showing the resolution of Sputnik reconstruction to be
35 A (FSC = 0.143) according to the criterion defined by Rosenthal and Hen-
derson (42). (C) Cryo-EM density of a p-strand in the MCP. (D) Cryo-EM density of
selected residues, Phe, Arg, Trp, and Tyr (from left to right), showing the quality
of the reconstruction.
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R-factor of 0.26 and 3.8% of residues in disallowed regions of
the Ramachandran plot. Root-mean-square deviation of bond
lengths from ideal values was 0.012 and that of angles was 1.7.
The structure of the first 508 amino acids of each of the MCPs
could be easily built using the amino acid sequence corresponding
to gene V20 (Fig. 2 A and B). Residues 497-508 form an a-helix
that is inserted into a hydrophobic pocket located in the center of
each hexon. There is not enough space for amino acids that fol-
low residue 508 to exit this pocket (Fig. 2C). Furthermore, an
SDS/PAGE gel (Fig. 2D) shows that the molecular mass of the
MCP is approximately 55 kDa, whereas the calculated molecular
mass of the whole protein is 65.4 kDa. Therefore, the last 87
residues of the MCP must have been cleaved off probably during
assembly. The overall structure of the MCP is a double jelly-roll
fold with the BC, DE, FG, and HI loops pointing toward the
quasi-sixfold axis of the capsomer, as in other jelly-roll-con-
taining viral capsomers. Amino acids 1-279 of V20 form the first
jelly-roll, and amino acids 280-507 form the second jelly-roll. As
in the MCPs of PBCV-1 (Vp54), PRD1 (p3), and the adenovirus
hexon, there is a “tower” structure created from the usual
large insertions between strands D to E and F to G in both jelly-
rolls (Fig. 2B). However, in Sputnik and PRD1 the insertion
between strands H and I of the first jelly-roll also contributes to
the tower structure. Furthermore, in Sputnik the insertion be-
tween strands F and G of the second jelly-roll contributes to
the tower of the neighboring molecule.

PBCV-1, PRDI, and vaccinia virus have a viral membrane,
and their MCPs have highly positively charged surfaces facing
the membrane (Fig. 34). For Sputnik the surface of the MCP
facing the inside of the virus has both negatively and positively
charged patches (Fig. 3B) at neutral pH, similar to the charge
distribution of the inside surface of the adenovirus hexon pro-
tein. Thus, the charge distribution of Sputnik’s MCP indicates
that Sputnik probably does not have a viral membrane. The
absence of a lipid membrane was further confirmed using paper
spray mass spectroscopy (Figs. S2 and S3; SI Materials and Meth-
ods). The ease with which the genome can be persuaded to be
ejected from the capsid by changes of pH (see below) also speaks
to the absence of a barrier, were a membrane present.

The region immediately inside the capsid protein appears as
three parallel layers, each approximately 25 A thick, in a 20-A
resolution low-pass filtered map (Fig. S44). The reconstruction
of the empty virus does not have these layers (Fig. S4B). Therefore,
the three consecutive density layers within the capsid probably
represent ordered or semiordered dsDNA, as is observed for
many dsDNA bacteriophages (28, 29). The outermost layer is
more intense, presumably because the DNA structure is closely
associated with the icosahedral capsid structure. This conclusion
contradicts the earlier results (9), based on a 10.7-A resolution
map and mass spectroscopic results, that the density in this region
corresponds to a membrane. Although the cause of this discrepancy
is unclear, the present mass spectroscopic results have been con-
firmed by both positive and negative controls using viruses with and
without a lipid membrane, respectively (Figs. S2 and S3).

The earlier 10.7-A resolution study (9) had shown that the
external surface of the capsid was decorated with occasional,
approximately 100-A-long, mushroom-like fibers. These features
were not visible in the 3.5-A resolution map, demonstrating that
these features are essentially disordered at a resolution of better
than 11 A. It is unknown whether these features are proteins
or glycans.

Penton Protein. The Sputnik cryo-EM density representing the
pentons and especially the insertion loops is slightly poorer than
that of hexon densities, probably caused by greater flexibility of
the penton loops. A Ca atom model was built into the electron
density map, identifying the location of approximately 350 amino
acids. Because the sequence of the Sputnik penton protein was
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Fig. 2. Double jelly-roll structure of MCP. (4) Ribbon diagram of the Sputnik
MCP. The first and second jelly-roll domains are colored green and red, re-
spectively. (B) Diagrammatic representation of the arrangement of f-strands and
residue numbers at the ends of the p-strands. (C) Stereo diagram showing the
C-terminal region of the MCP. Residues 502-508 are colored orange.
These residues bind into a hydrophobic pocket. There is no density or
space for the remaining 87 C-terminal residues of the MCP sequence,
suggesting that these residues had been cleaved. (D) Molecular mass of the
MCP is estimated to be approximately 55 kDa by SDS/PAGE gel.

unknown, a program was designed to align the protein sequences
given by the Sputnik genome, expressed in terms of amino acid
sizes, with the sizes of the amino acids in the cryo-EM density
map (SI Materials and Methods). A satisfactory alignment was
obtained for the approximately 150 N-terminal amino acids of
gene product V18 and for the alignment of gene products V19
with the remaining C-terminal residues of the Ca atom penton
structural model. In the gene sequencing results (2), there was a
frame shift between the V18 and the initial bases of the V19 gene.
However, according to the electron density map, the penton
structure was only one polypeptide chain. Therefore, when the
Sputnik genome was resequenced near the junction of these
genes, it was found that the original sequence had one additional
erroneous base that created a stop codon for V18. Thus, in the
absence of the erroneous base, V18 and the whole V19 sequence
were in the same frame without a stop codon between them,
making V18 and V19 one V18/19 fusion gene, coding for 379
amino acids. The amino acid sequence was then built into the
cryo-EM density except for 11 disordered amino acids at the N
terminus and 5 disordered amino acids at the C terminus.

The penton protein folds into two domains: a “lower” domain
that has a 184 amino acid jelly-roll structure located toward the
interior of the virus, and an “upper” domain consisting of 195
amino acids (amino acids 66-261) located on the surface of the
virus around the fivefold vertex (Fig. 4 A and B). The orientation
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of the five jelly-roll domains is roughly similar to the orientation
of the VP1 subunits in picornaviruses. In Sputnik the p-strands
are roughly radial, whereas in picornaviruses the p-strands are
somewhat more tangential, but in both cases the BC, DE, FG,
and HI loops are closest to the outside of the virus. The upper
domain is primarily a p-barrel inserted between p-strands D and
E of the lower jelly-roll domain. If the inserted p-strands along
the polypeptide are named IA, IB, IC, ID, and IE, then the two
B-sheets would consist of strands IB, IC, IE and of IA, ID. An
a-helix, lying parallel to the p-strands, links p-strands IA and IB.
The mean center position of the upper domain is rotated coun-
terclockwise (seen from outside the virus) by approximately 60°
around the fivefold axis, relative to the lower domain, placing the
upper domain almost above the lower domain of the neighboring
monomer. The penton has a pore along the fivefold axis with a di-
ameter of 7-10 A near the outside of the virus that is blocked near
the base of the lower domain by residues 318-320. The closest
structure found in a Dali search (30) was the penton protein of
human adenovirus (31). The adenovirus penton structure has the
same counterclockwise twist between the upper domain and lower
domain as occurs in Sputnik. Like Sputnik, the upper domain of the
adenovirus penton protein has the same fold as the upper domain
of the Sputnik penton protein and is an insertion of 307 amino acids
between p-strands D and E of the adenovirus lower domain.
However, the adenovirus penton protein upper domain has an
additional insertion of 53 amino acids between f-strands G and F.
The adenovirus upper domain of the penton protein contains an
Arg-Gly-Asp sequence that binds to the cellular oyp3 receptor (32,
33). Only the nonenveloped viruses adenovirus and Sputnik have an
insertion domain in their penton proteins. Sputnik, unlike adeno-
virus, does not have an Arg-Gly-Asp sequence or a fiber and at-
tachment protein emanating from the fivefold vertices.

Capsomer Interactions. Any pseudohexameric capsomer formed
by three double jelly-roll monomers has six edges (Fig. 54). Each
double jelly-roll monomer within a capsomer contributes to two
edges, with each edge having an interaction with a neighboring
capsomer. The interaction between neighboring capsomers can
be divided into three classes. The first two classes form a pseudo-
twofold axis between the first (f) edge of one capsomer (domi-
nated by the CHEEF sheet of the first jelly-roll) and the first (f)
edge of a neighboring capsomer (ff), or between the second (s)
edge of a capsomer (dominated by the CHEF sheet of the sec-
ond jelly-roll) with the second (s) edge of another capsomer (ss).

Adenovirus

Sputnik

Fig. 3. Comparison of the inner surface charge distribution of dsDNA virus
MCPs with a double jelly-roll fold. (A) Viruses that have a lipid membrane
envelope. (B) Viruses that do not have a lipid membrane envelope.
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Fig. 4. Single jelly-roll structure of sputnik penton protein. (A) Ribbon di-
agram of the Sputnik penton protein. The jelly-roll domain is colored green,
and the insertion domain is colored red. (B) Diagrammatic representation of
the arrangement of p-strands in the penton protein and the residue numbers
at the ends of the p-strands.

A third class of interaction (fs) is between the first (f) edge of one
capsomer and the second (s) edge of a neighboring capsomer.
This classification has similarities to that used to describe con-
tacts between capsomers of PRD1 (34).

Each type of capsomer in one icosahedral asymmetric unit of
Sputnik was identified by the Roman numerals I, II, III, IV, and
V and the MCP monomers by Arabic numerals 1 to 13 (Fig. 54).
The rotational relationships between neighboring capsomers
(Table S1) can be divided into a bend and twist component. The
curvature of the viral capsid is determined by the bend angle. If
all of the bend angles between neighboring capsomers were zero,
then the capsomers would form a plane. The variation of bend
angle was found to be limited to approximately 10°, 20°, and 40°
degrees in the fs, ff, and ss classes, respectively.

Hydrogen bonds between capsomers were identified by visual
inspection. The three classes of interactions, ff, ss and fs, could
be subdivided into two or three subclasses depending on the
conservation of hydrogen bonds (Table S1). Although there are
five examples of class fs in the Sputnik structure, only three of these
contact regions are associated with density probably representing
the binding site of a minor capsid protein (see above). These three
contact regions all belong to the same subclass fs-1, whereas the
other two examples of fs contacts are associated with a different
set of hydrogen bonds.

The root mean square deviation between equivalence Ca
atoms is less than 0.43 A on superimposing any pair of the 13
MCP structures on each other. However, there are specific
regions where the MCP structure has greater variability (Fig.
5B), with displacements of the Ca atoms as much as 3.5 A. These
regions are mostly the loops at the top of each “tower” and in the
CHEF p-sheets of the second jelly roll that make contacts with
neighboring capsomers (Fig. 5C).

Empty Virus. During the purification procedure of Sputnik
(Materials and Methods), the virus separated into two bands while
sedimenting through a cesium chloride gradient. The two bands
corresponded to the full and empty virus. Subsequent work showed
that empty particles can be produced from full particles either by
raising the pH to 9 or lowering the pH to 5.5. It is therefore
possible that the purified empty Sputnik particles were produced
in a low-pH virus factory (35) during Mimivirus production. The
purified empty particles were used in the reconstruction of a 3.8-A
resolution cryo-EM map (Materials and Methods and Fig. S54).
The empty Sputnik particles had a diameter that was approxi-
mately 5.2 A larger than the diameter of the full infectious virus
when measured along the threefold axes. However, there was no
expansion along the fivefold axes. Presumably the expansion was
made possible by the loss of interaction between the packaged
DNA and the capsid structure.

The height of the penton density in the empty virus was ap-
proximately half of the hexon density, suggesting that some of
the penton proteins were missing in the empty particles (Fig. 64).
Presumably the DNA had escaped from one of the vertices where
there was no penton protein. Indeed, two particles that had been
emptied by lowering the pH of the environment showed a fea-
ture that is probably DNA-like density spilling out from one of
the vertices (Fig. S5B). A similar loss of the penton structure
occurs for adenovirus, which can lose some pentons in the low-pH
environment of an endosome (36). Similarly a mutant of the bac-
teriophage PRD1 can lose some pentons in the presence of a
detergent, although PRD1, unlike Sputnik and Adenovirus, has a
membrane (34). In the empty particle reconstruction of Sputnik,
the electron density for residues 476-508 was missing in the
MCP of monomer #1, the monomer adjacent to the penton (Fig.
6B). These residues are in the interface between the penton and
hexon. However, it is not clear why these residues are completely
disordered when only some of the pentons are missing, which
would require disorder only in the #1 MCPs close to one of the
missing penton sites. Thus, possibly the pH or other stress dis-
orders these residues, resulting in only the loss of some pentons.

Fig. 5. Asymmetric unit of Sputnik. (A) Capsomers are identified by Roman numerals | to V. Thirteen independent monomers are identified by Arabic
numerals 1 to 13. Each MCP is shown by a green line (the first jelly-roll domain) followed by a blue line (the second jelly-roll domain). The independent minor
proteins in the asymmetric unit are colored red. Icosahedrally related positions are indicated in the same manner but with corresponding faded colors. (B) The
backbone of the MCP was colored according to the root mean square deviation of each Ca position from the mean of the superimposed 13 independent
MCPs, ranging from blue (<0.6 A) to red (>0.6 A). (C) Number of times a given residue in the 13 independent MCPs is involved in capsomer to capsomer

contacts ranging from blue (<8) to red (>8).
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Fig. 6. Structure of the empty Sputnik. (A) Cross-section through the empty
Sputnik cryo-EM map, showing where the density is at a higher level. The
density of the penton protein is lower than that of the MCPs. (B) Electron
density (red) of the hexon capsomer, adjacent to the penton protein in the
empty virus (Left) and full virus (Right). The Ca backbone structure (green)
of MCP #1, closest to the penton. The electron density from residue 476 to
residue 508 of MCP #1 is missing in the empty virus. The Ca backbone
structure of penton protein is colored blue.

The loss of pentons in double jelly-roll dsDNA viruses may be
a general phenomenon for genome delivery.

Evolution. Single and double jelly-roll MCP structures have been
observed in ssSRNA, ssDNA, and dsDNA icosahedral viruses (19,
20, 34). In all these cases the jelly-roll is assembled into threefold
symmetric capsomers that have quasi-sixfold symmetry. These
capsomers are assembled into hexagonal arrays as predicted by
Caspar and Klug (37), separated by approximately 75 A center-
to-center (19, 38). However, a double jelly-roll assembly is not
feasible around the pentameric vertices. Hence, a single jelly-roll
protein fold has been retained in all such viruses to complete the
assembly around the pentameric vertices. For example, in picor-
naviruses the pentamer is formed by five copies of VP1 (13); in
adenoviruses (39), PRD1 (40), PM2 (21, 22), and Sputnik the
pentamer is formed by five copies of the penton molecule.

Many, but not all, dSDNA viruses that have a double jelly-roll
capsid fold also have a lipid membrane envelope. Thus, the mode of
genome delivery will be quite different for these viruses, even if the
assembly process might be similar. Both Sputnik and adenovirus,
neither of which have a membrane envelope, have a similarly
structured inserted “upper” domain at the pentameric vertex
that participates in viral entry for adenovirus (33, 41) and pos-
sibly therefore also in Sputnik. However, in contrast, PRD1 has a
membrane and the penton is missing the “upper” insertion do-
main (22), suggesting a different genome delivery system.

Materials and Methods

Sputnik virus was grown and purified as previously described (9). After
concentrating the virus to a concentration of approximately 3 mg/mL, a 3-pL
sample was placed onto a glow discharged C-flat EM grid with 1.2-um-
diameter holes in a thin carbon layer. The grid was flash-frozen using a
Gatan Cryoplunge3 device with a blotting time of approximately 12 s in
liquid ethane at approximately 100 K. The particle images were collected on
Kodak film (Kodak Electron Image Film SO-163) with an FEI Titan Krios
electron microscope using a nominal magnification of 59,000x. The images
were taken with a defocus range between 1.5 and 2.5 pm. The electron dose
was approximately 22 electrons/A%. The films were digitized with a Nikon
scanner (Super Cool Scan 9000) using a 6.35-um scan step size, giving a final
pixel size of 1.1 A.

A 3.5-A resolution, icosahedrally averaged map (Fig. 1A) was determined
by image reconstruction using approximately 12,000 cryo-EM particles. In
addition, a 3.8-A resolution map of empty capsids was calculated using ap-
proximately 13,000 empty particles. The overall resolution was calculated
according to where the Fourier shell correlation coefficient (42) fell below
0.143 (Fig. 1B). The quality of the map was also judged by visual inspection,

1. Raoult D, et al. (2004) The 1.2-megabase genome sequence of Mimivirus. Science 306
(5700):1344-1350.

2. La Scola B, et al. (2008) The virophage as a unique parasite of the giant mimivirus.
Nature 455(7209):100-104.
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with particular reference to the ability to differentiate between large residues
such as arginine, phenylalanine, tyrosine, and tryptophan (Fig. 1 C and D).

A total of approximately 18,000 virus particles were selected from ap-
proximately 250 micrographs, based on the Thon rings extending beyond 5
A. These particles were boxed using the program e2boxer.py from the
EMAN?2 software package (43). The contrast transfer function parameters of
the particles from each micrograph were determined with the CTFIT pro-
gram in the EMAN software package (44). An initial model was generated,
using a fourfold binned dataset (adjacent pixels in a 4 x 4 box were aver-
aged), by selecting particle images with the best two-, three-, and fivefold
rotational symmetry by the program starticos. The initial model was im-
proved with the program refine (from the EMAN software package) (44)
by refining the orientation and center of each boxed image. The refine-
ment was stopped when the reconstruction showed no improvement in the
Fourier shell correlation coefficient compared with the previous recon-
struction cycle.

A twofold binned dataset was used to determine the initial orientation
and translation parameters of each particle by iterative refinement. The best
match between the observed images and the projected model derived from
the previous iteration was used to determine orientation and translation
parameters. Particles that had a discrepancy of more than 2.5° in any of the
angles among the best three projections were excluded from the next re-
construction. For the following refinement cycles only the density of the
capsid in the improved reconstruction was retained as a model. The re-
finement was terminated when the resolution of the reconstruction showed
no further improvement in the Fourier shell coefficient (FSC).

Because Sputnik particles were embedded in a layer of vitreous ice, the
defocus of individual particles have variation within a single film, which
would also affect the pixel size of the individual particle. A full-size (non-
binned) dataset was used to refine the defocus, pixel size, orientation, and
translation of each particle. A combination of FREALIGN (45) and EMAN (44)
was used to refine these parameters locally according to the initial param-
eters. Particles were not included in the reconstruction if any of the
parameters had an unexpected large change in their angular identification
compared with the previous cycle. The quality of the reconstruction was
monitored by visual inspection of various features, such as the connectivity
of the main chain density in the loop area and the integrity of the side chain
density in the map. The improved reconstruction was then used as a model
for next cycle until the quality of the map showed no further improvement
in the FSC. Approximately 12,000 particles were used in the final re-
construction at a resolution of approximately 3.5 A. The 3.8-A resolution
map of the empty virus was calculated using the same methods, starting
with approximately 20,000 particles and a final selection of approximately
13,000 particles.

Initially Ca-only models of both MCP and penton protein were built into
the EM density by using the “Ca baton mode” in Coot (46). The Cas were
then replaced by the corresponding amino acids in the sequence. The atomic
positions were refined by using “real space refine zone” in the program Coot
(46). The atomic model was refined using the CNS software package (47).
The whole icosahedral asymmetric unit was refined with strict NCS
constraints to take into account the icosahedral symmetry and the con-
tacts between various subunits.

Calculation of the bend and twist angles was based on the direction of the
quasi-threefold axes (normal) of neighboring capsomers and the vector
connecting their centers. A plane A was defined by the normal of capsmer
“a" and the vector connecting the center of this capsomer to the neigh-
boring capsomer “b.” A similar plane B was defined for the neighboring
capsomer “b.” The angle between planes A and B defined the twist angle.
To determine the bend angle a vector was calculated that was the projection
of the normal of capsomer “b” onto plane A. The angle between this vector
and the normal of capsomer “a” defined the bend angle.
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