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A cryoelectron microscopy 8.5 A resolution map of the 1,900 A dia-
meter, icosahedral, internally enveloped Paramecium bursaria
chlorella virus was used to interpret structures of the virus at initial
stages of cell infection. A fivefold averaged map demonstrated
that two minor capsid proteins involved in stabilizing the capsid
are missing in the vicinity of the unique vertex. Reconstruction
of the virus in the presence of host chlorella cell walls established
that the spike at the unique vertex initiates binding to the cell wall,
which results in the enveloped nucleocapsid moving closer to the
cell. This process is concurrent with the release of the internal viral
membrane that was linked to the capsid by many copies of a viral
membrane protein in the mature infectous virus. Simultaneously,
part of the trisymmetrons around the unique vertex disassemble,
probably in part because two minor capsid proteins are absent,
causing Paramecium bursaria chlorella virus and the cellular con-
tents to merge, possibly as a result of enzyme(s) within the spike
assembly. This may be one of only a few recordings of successive
stages of a virus while infecting a eukaryotic host in pseudoatomic
detail in three dimensions.

3D structure | cell entry | conformation changes | minor proteins | PBCV-1

aramecium bursaria chlorella virus (PBCV-1), a member of
the Phycodnaviridae family (genus Chlorovirus), is a large,
dsDNA virus (1, 2). Chlorella viruses are present in freshwater
environments throughout the world, with titers as high as
100,000 infectious particles per mL of indigenous water. Phycod-
naviruses, together with mimivirus, iridoviruses, asfarviruses,
ascoviruses, and poxviruses have a common evolutionary ancestor
and they are among the largest and most complex viruses known.
Collectively these viruses are referred to as nucleocytoplasmic
large DNA viruses (NCLDV) (3-8). With the exception of the
poxviruses and ascoviruses, all of these viruses are roughly icosa-
hedral in shape and have surfaces consisting of hexagonally
closed packed arrays of capsomers organized into tri- and penta-
symmetrons (SI Zext). The NCLDV member with the most
detailed structural information is probably Chilo iridescent virus
(CIV), which has a diameter of about 1,850 A (9). Analysis of
CIV showed not only the organization of the major capsid pro-
teins in the capsomers, but also recognized some minor capsid
proteins between the outer protein capsid and an inner mem-
brane surrounding the nucleocapsid core. Similar stabilizing pro-
teins were identified in the dsSDNA bacteriophage PRD1 (10, 11).
PBCV-1 has a 330-kbp genome containing 365 nonoverlapping
genes (2) that also code for 11 tRNAs. A total of 148 virus
encoded gene products have been detected in mature PBCV-1
virions. A 24 A resolution map determined by cryoelectron mi-
croscopy (cryoEM) image reconstruction confirmed that PBCV-1
has a lipid bilayer membrane (12, 13) surrounded by an outer
glycoprotein capsid with approximate icosahedral symmetry (14).
The diameter of PBCV-1 virions is 1,900 A measured along five-
fold symmetry axes and about 1,660 A measured along threefold
symmetry axes. The surface of the virions consists of close packed
arrays of pseudohexagonal capsomers, roughly consistent with
the prediction of icosahedral virus surfaces (15) (Fig. 14). The

www.pnas.org/cgi/doi/10.1073/pnas.1107847108

tri- and pentasymmetrons are separated by cleavage planes
created by differences in capsomer orientation on either side of
the fault lines (3) as first observed for Sericesthis iridescent virus
(16) and later in other NCLDVs (3, 14) (Fig. 14). The atomic
structure of the PBCV-1 major capsid protein, Vp54, determined
by X-ray crystallography (17) consists of two consecutive eight-
stranded, antiparallel, p-barrell, “jelly-roll” folds. The structure
fits well into the cryoEM density map of PBCV-1. Using fivefold
(as opposed to icosahedral) symmetry in calculating the cryoEM
image reconstruction Cherrier et al. (18) showed that there exists
a unique fivefold vertex with a spike structure extending outward.
Underneath the spike there is a pocket between the capsid and
the internal membrane presumably enveloping the nucleocapsid
composed of the genome and other proteins. A set of “finger
proteins” (named because of their shape) was identified in the
fivefold cryoEM reconstruction (18) below the five trisymmetrons
associated with the unique vertex.

PBCV-1 infects the unicellular, eukaryotic green alga Chlorella
variabilis NC64A (19). The initial recognition and attachment
process is probably complete in less than 1 min after mixing virus
and algae (20). PBCV-1 protein Vp130 (A140/145R) is required
for virus attachment (21). Antibody recognition of Vp130 indi-
cates this protein is located near the viral surface (22). The in-
ability of anti-Vp130 antibodies to bind to more than one site on
the virion suggests that Vp130 might be located at the unique
vertex. The chemical nature of the host receptor for PBCV-1 at-
tachment is unknown although circumstantial evidence suggests
it is a carbohydrate because PBCV-1 can attach to isolated cell
walls treated with proteases and/or extracted with phenol to
the same extent as healthy cells (23). After attachment to the host
cell wall, a viral packaged enzyme(s) digests the cell wall around
the binding site of the virus (24). Subsequently, viral DNA as well
as some proteins are ejected into the cell cytoplasm, leaving an
empty virus capsid on the cell wall (24, 25).

Here we have extended the resolution of the PBCV-1 structure
to 8.5 A and have identified a number of minor structural pro-
teins that constitute the capsid. Some of these minor proteins
were systematically missing from the internal surfaces closest to
the unique vertex. Furthermore, the virus was studied by cryoEM
while attaching to the cell walls of its host, allowing visualization
of the initial conformational changes that occur during infection.
This is one of the most detailed three-dimensional studies of a
virus during successive stages of a virus infecting a eukaryotic
host.
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Fig. 1. The organization of minor proteins associated with a trisymmetron.
(A) Structure of trisymmetrons and pentasymmetrons on the PBCV-1 icosahe-
dral surface. (B) The blue densities represent the membrane proteins (MP);
the red densities represent the long proteins; the yellow sausage-like densi-
ties represent the missing 24 amino acids of Vp54 (shown only within one
trisymmetron); and white represents uninterpreted densities. Three red ar-
rows point to the fibered capsomers in icosahedral reconstruction. However,
the fivefold averaged reconstruction showed that only one of these cap-
somers is fibered. (C) One section of the icosahedrally reconstructed map
shows densities connecting the capsid with the inner membrane. These den-
sities are located at the boundaries between neighboring trisymmetrons.

Results and Discussion

The Missing 24 Amino Acids in the X-ray Crystal Structure of the Major
Capsid Protein (MCP) Vp54. The X-ray crystallographic atomic
structure of the Vp54 trimer, including the carbohydrate entities
observed crystallographically, was fit into the 8.5 A resolution,
66-fold averaged, electron density map of the capsomer using the
EMfit program (26). Some secondary structural elements, such as
three short a-helices of Vp54, were readily identified. A “differ-
ence” map was calculated by setting all density values to zero that
were within 4.0 A from any C, atom. There were three large con-
tiguous volumes (Fig. S14) of densities in the asymmetric unit
of the difference map (one Vp54 molecule) in regions that were
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on the outside of the virus particle, extending the region occupied
by the 20 carbohydrate residues found in the crystallographic
determination (17) to approximately 27 residues (based on the
volume).

In addition to the external difference density, there is a “sau-
sage-like” density, about 33 A long and 10 A wide, per asym-
metric unit on the internal side of the capsomer (Fig. S1B). This
feature is visible not only in the 8.5 A resolution map of a single
averaged capsomer, but is also easily seen in most of the cap-
somers in the 9.7 A resolution icosahedral averaged map of the
entire virus. One end of this density is near the threefold axis
close to the N terminus of Vp54 and the other end of the density
extends to the edge of the averaged capsomer. The diameter of
the sausage-like density is similar to the densities representing
a-helices in the averaged map. If this density were an o-helix it
would represent about six or seven turns amounting to 22-25 ami-
no acids. The first 24 amino acids of Vp54 were either disordered
or missing in the crystal structure (17). Thus, the sausage-like
density probably corresponds to the 24 amino-terminal disor-
dered residues in the crystal structure. The N terminus of the 24
missing amino acids is close to a minor capsid protein (see below)
(Fig. 1B). Therefore, the amino-terminal 24 amino acids of Vp54
are apparently ordered in the virus because of their association
with a minor capsid protein (10). The Vp54 double jelly-roll
structure is similar to the structure of the capsid protein P3 in the
lipid enveloped bacteriophage PRD1, with approximately 59%
of the Vp54 C, atoms being superimposable onto the structure
of P3 (27, 28). It is therefore noteworthy that P3 also has a 30
amino acid N-terminal a-helix.

Minor Capsid Proteins. After setting the density corresponding to
all of the 1,680 trimeric capsomers in the virus to zero, a series of
densities remain that has the same positional periodicity as the
capsomers. These densities are presumably minor capsid proteins
as occur in viruses CIV (9) and PRD1 (10, 11). However, the min-
or capsid proteins lack icosahedral symmetry. For instance, the
finger protein (18) only occurs near the unique vertex, whereas
other minor proteins occur at all icosahedrally related positions
except around the unique vertex.

A row of five roughly parallel “long protein” densities can be
recognized in the icosahedral difference map. These proteins
form a hexagonal network over the internal face of the trisymme-
trons (Fig. 1B) following the peripheries of the MCP capsomers.
They have some similarity to the long glue proteins between
capsomers of the PRD1 bacteriophage (10, 11) and adenovirus
(29, 30) (Fig. S24). The finger proteins can only be recognized
on the fivefold averaged map and are seen only in the five trisym-
metrons around the unique vertex. Furthermore, one row of five
long proteins, closest to the unique pentasymmetron, is absent
in these five trisymmetrons. No capsomers are associated with
both a finger protein and a long protein (Fig. 2). Analysis of
the volume of the averaged long proteins indicates that these pro-
teins have a molecular weight of about 32 kDa when standardized
against the observed volume of the Vp54 capsomer.

In addition to the hexagonal network of long proteins is a
series of nine regularly repeated “membrane protein” (MP)
densities located along the edge of the trisymmetrons and con-
nected to the internal membrane (Fig. 1C). The distance between
these MP densities is about the same as the distance between
capsomers. Seven of these densities form a set of regular bridges
across the trisymmetron boundary (Fig. 1B). The presence of
the regularly spaced quasi-twofold axes relating the quasi-sixfold
capsomers in one trisymmetron to the capsomers in the neighbor-
ing trisymmetron also relate the MPs along a trisymmetron edge
to the MPs along the neighboring trisymmetron edge, suggesting
that the MPs form a series of dimers between trisymmetrons.
Thus, the dimeric minor MP binds to dimeric associated cap-
somers, which explains why the dimer cannot bind elsewhere to
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Fig.2. Diagrammatic organization of minor capsid proteins near the unique
vertex viewed from outside of the virus. Each colored dot within each
hexameric capsomer represents a double jelly-roll structure. Lighter colors
are used in the neighboring trisymmetron. The spike at the unique fivefold
vertex is shown in bright red. One of the other 11 local fivefold axes is in-
dicated by a black pentagonal mark. There is only one fibered capsomer
per trisymmetron positioned as shown. There is a second fibered capsomer
in trisymmetrons not associated with the unique vertex. The occupancies of
the various minor capsid proteins at the sites shown on this diagram is prob-
ably somewhat different from site-to-site and virion-to-virion. Black dotted
lines shows the approximate limit of the dissociation of the virus when bound
to isolated cell walls.

a trisymmetron in which the capsomers are all similarly oriented.
The averaged MP dimer is about 120 A in length and has lower
density connecting it to the membrane component (Fig. S2B).
Based on the averaged density volume, the molecular weight of
the MP dimer external to the membrane is about 28 kDa.

A similar dimeric “Zip dimer” between trisymmetrons occurs
in CIV, except that in CIV this is probably not a membrane pro-
tein (9). The fivefold averaged difference map, as opposed to the
icosahedrally averaged difference map shows that the MP dimers
are missing at the five trisymmetrons surrounding the unique
vertex (Fig. 2). Indeed, the MP is too small to bridge the gap
across the pocket between the viral membrane and the capsid at
the unique vertex. The absence of interconnecting MP dimers
linking trisymmetrons surrounding the unique vertex suggests
that there might be a weakness in the capsid structure around
this unique vertex, a feature that might be important during initial
stages of viral entry. Similarly, the five icosahedral faces around
the unique vertex of Mimivirus open up when the virus infects an
amoeba (31).

Of the 148 virus encoded gene products in mature PBCV-1
that had been predicted to have membrane components, there
were only three (A168R, A213L, A605L) that had a molecular
weight in the range from 13 to 15 kDa (omitting the probable
transmembrane component), consistent with the observed
14 kDa derived from the volume calculations. Of these proteins,
A213L has the largest number of copies in the viron based on the
exponentially modified protein abundance index in agreement
with the large number of MP found in the PBCV-1 structure.
Furthermore, A168R and A605L are predicted to be signal pep-
tides (32, 33) and therefore would not be the MP identified struc-
turally, leaving A213L as the most probable gene for MP.

Fivefold Unique Features. The PBCV-1 spike structure is a complex
assembly inserted at the unique vertex (Fig. 3 4 and B). Its total
length is about 560 A with about 340 A protruding from the sur-
face of the virus. The part of the spike structure that is outside the
capsid has an external diameter of about 35 A at the tip expand-
ing to about 70 A at the base. From the base on the viral surface,
the spike structure widens to about 160 A inside the capsid and
forms a closed cavity inside the large pocket between the capsid

Zhang et al.

Fig. 3. The PBCV-1 spike structure. (A) Central section of the fivefold sym-
metric reconstruction. (B) A magnified image of the spike structure. The spike
assembly is colored in blue. (C) The cavity structure viewed from inside the
virus shows it has pseudo-10-fold symmetry with 10 arms anchored to the
capsid at the unique vertex on the inside of the viral capsid. (D) The plug
of the cavity structure as seen from outside the virus is shown in pink.

and the membrane under the unique vertex. The spike assembly is
held in place by the five peripentonal capsomers (18). The com-
ponent of the spike assembly inside the viral capsid was previously
described (18) as being about the same size and shape as the por-
tal protein of tailed bacteriophages such as phi29 (34), SPP1 (35),
and P22 (36, 37). However, the wide basal end of the PBCV-1
spike assembly encloses a roughly spherically closed cavity
(Fig. 34). This small spherical cavity has a plug on the side facing
the spike whose diameter is about 62 A (Fig. 3D). Apart from the
fivefold symmetry imposed on the reconstruction, the additional
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small spherical cavity has pseudo-10-fold symmetry (Fig. 3C). If
the spike assembly had sixfold symmetry as occurs in portal pro-
teins of tailed phages, it would be unlikely that application of
fivefold symmetry (used here) would yield any obvious structural
features. Thus, the fivefold symmetric spike assembly differs from
the portal proteins of tailed phages. There is a channel in the
splke assembly that has an internal diameter of about 20 A, start-
ing at about 230 A from the tip, leading to the plug covering the
small internal spherical cavity (Fig. 3B). The narrowness of the
internal diameter means that, unlike the tails of dsSDNA phages,
the spike is unlikely to serve as the vehicle for DNA delivery to
the host cell. However, based on the ability of some small proteins
to pass through apertures of this size (38-40), the PBCV-1 spike
might deliver enzymes to digest the cell wall of the host to initiate
infection. The primary function of the spherical cavity within the
spike assembly could be to store the wall degrading enzyme(s) so
that they are ready for ejection when the virus is in contact with
the host. Other enzymes might be in the pocket between the
membrane and spike assembly.

A previous study indicated that each of the 20 trisymmetrons
have one instead of three capsomers with a central fiber (18). This
improved fivefold symmetric reconstruction indicates that the
fiber has a 60 A- -long radial component followed by a 90° turn
and at least another 130 A component (Fig. S34). Based on some
single images, the fiber is probably longer than what is visible in
the fivefold averaged map. These fibers have also been seen in an
atomic force microscopy study (41) and in a quick freeze and
deep etched microscopy study (25). The correlation coefficient
between the averaged Vp54 trimer, from the icosahedrally aver-
aged reconstruction, and any of the general capsomers from the
fivefold averaged map was approximately 0.71, but only approxi-
mately 0.44 when correlated with the fibered capsomer (exclud-
ing the volume known to be carbohydrate moieties). Further-
more, the difference map in which Vp54 was subtracted indicates
that the capsomers with fibers do not have the same sugar density
at the surface glycosylation sites, nor do the fibered capsomers
have a density for the first 24 amino acids that are ordered in
the other capsomers but not in the crystal structure (see above)
(Fig. 1B and Fig. S3B). Thus, the fibered capsomers are presum-
ably constructed of a different, but homologous, protein than
the Vp54 capsomers, probably corresponding to one of the gene
products that have sequences similar to Vp54.

An estimate of the number of minor capsid proteins is given
in Table S1. These numbers should be compared with the number
of 1,680 hexameric capsomers in the virus, which would imply
that there are 5,040 copies of the Vp54 monomer. However, this
number is an overestimation because of the special capsomers
such as the fibered and peripentonal capsomers.

Initial Events Associated with Infection. To explore the function
of the PBCV-1 structures in the initial stages of cell infection,
CCD cryoEM images were recorded of PBCV-1 attached to
isolated C. variabilis NC64A cell walls. For most virus-host inter-
actions it is difficult to have confidence in electron micrographs
because most of the particles are noninfectious. However, for
PBCV-1 the ratio of infectious virus to total virus is approximately
30% (42), which is higher than for most viruses and therefore
validates electron micrographic observations for attachment and
wall digestion.

The virus was seen in various stages of gaining entry into the
cell. Some particles were excluded from the analysis because
either they were far away from the cell wall or on top of the cell
wall (Fig. 44). Other particles were less than 450 A from the cell
wall (measured to the position of highest contrast), but their
unique vertex could still be identified by the pocket under the
spike (red arrows in Fig. 44). Of these particles, 93 out of 94
had their unique vertex oriented toward the cell wall. Of these
93 particles, 51 did not overlap with other particles. These 51

14840 | www.pnas.org/cgi/doi/10.1073/pnas.1107847108

Fig. 4. Initial attachment to C. variabilis NC64A cell walls by PBCV-1. (A) The
cryoEM CCD image shows some virus particles attached to the cell wall. The
virus particles marked with white arrows are either too far away from the
cell wall or overlap with the cell wall in the projection to be considered
as definitely having recognized the cell wall. The orientation of the unique
vertex (recognizable by the pocket under the vertex) can be seen for the virus
particles marked with red arrows. These virus particles and the majority of
similar particles in other micrographs have their unique vertex facing the
cell wall indicating that these particles recognized the cell surface. All such
particles that were not overlapped with neighboring particles were included
in the reconstruction shown in panels B and C. The virus particles marked by
black arrows have approached the cell wall such that the unique vertex is no
longer recognized and the virion has presumably partially disassembled.
Some of the cell wall appears to be digested in the vicinity of the contact
area. Furthermore, about 135 capsomers around the unique vertex (see
dotted line in Fig. 3) were not recognizable in the contact region. In addition,
the viral membrane changes from having a roughly icosahedral to a spherical
shape. Such particles were included in the reconstruction shown in panels D
and E. (B) and (D) The external surface of the reconstructions. (C) and (E) A
central cross-section through the reconstructions.

particles were used to calculate a three-dimensional fivefold
symmetric reconstruction. The orientation of these particles was
determined by comparison with the three-dimensional PBCV-1
model. This reconstruction was notable in that the tip of the
unique spike was significantly larger (90 A diameter) and denser
(Fig. 4 B and C) than the tip of the splke (35 A dlameter) ob-
served in the reconstruction using the in vitro prepared virions
(Fig. 34 and Fig. S34). To ascertain that the unmistakable larger
spike tip did not result from the small number of particles used in
the reconstruction, 51 randomly selected particles from the
17,016 in vitro particle database were selected and used in a re-
construction. The result gave a poorly defined spike that did not

Zhang et al.
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show any enlargement of its tip. These results suggest that a con-
formational change occurs in PBCV-1’s structure when it initially
comes in contact and recognizes the receptor on the host cell wall.

Other particles had progressed further in the infection process
by attaching to the cell wall. These particles appeared to have
fused with the cell and, hence, the pocket marking the unique
vertex could not be recognized (black arrows in Fig. 44). A
three-dimensional reconstruction of particles actually attached
to the cell wall was computed by selecting 42 particles that were
fused with the cell wall. The spike and the associated capsid
proteins were no longer recognized in this reconstruction. In a
ddition, the membrane that formed the base of the pocket shifted
to replace the space previously occupied by the viral pocket,
whereas the rest of the membrane envelope became more sphe-
rical (Fig. 4 D and E).

Apparently the cell wall and the viral capsid close to the site of
attachment had been digested and disassembled, respectively.
Considering the size of the approximately 800 A diameter hole
created in the cell wall, it is likely that an enzyme(s), stored in the
spherical cavity of the spike assembly or less likely in the pocket
around the unique vertex, is ejected through the central channel
of the spike to digest the cell wall. Approximately half of each of
the five trisymmtrons surrounding the attachment site were not
seen in the reconstruction. Considering the absence of MPs and
the missing long minor capsid proteins in the vicinity of the un-
ique vertex (see above), the surrounding trisymmetrons may have
reduced stability, allowing them to partially disassemble, present-
ing the viral membrane to the membrane of the cell.

As mentioned above, PBCV-1 has one fiber attached to a
special capsomer in each trisymmetron. The reconstruction indi-
cates that this fiber is bent and at least 190 A long, although it is
likely to be flexible and, hence, even longer, but not visible on an
averaged reconstruction. Furthermore, longer fibers attached to
the surface of the virus can be seen occasionally on raw images of
PBCV-1 (25, 41). Indeed, these images show that some of these
special fibers might be anchoring the virus to the cell wall. If the
fibers are responsible for PBCV-1 initially recognizing the host
cell, then the orientation of the unique spike relative to the cell
surface would be random. Because this does not occur, it is more
likely that the spike provides the first contact with the cell and
that the fibers then aid in holding the virus to the cell wall once
the spike has been jettisoned. Similarly, tail fibers of some tailed
bacteriophages are required for binding of phage to a host bac-
terium (43, 44).

The MP that attaches the viral membrane with the capsid
causes the membrane to have an icosahedral shape. However,
in particles that have attached to host walls, the virus membrane
has a sphere-like shape in which the membrane is separated from
the capsid at all fivefold vertices (Fig. 4E). Consequently, the MP
has either been cleaved during release of the cell wall digesting
enzyme(s) after attachment, been extracted from the membrane
or become disattached from the capsid. Thus, on initial recogni-
tion of the host cell, the viral membrane extends toward the site
of attachment, displacing the contents of the pocket region while
moving away from the other fivefold vertices, presumably leaving
the volume enclosed by the membrane approximately unchanged.
The digestion of the cell wall, the release and extension of the
virus membrane to the site of attachment and the partial disas-
sembly of the capsid preceed infection by fusion of the viral mem-
brane with the host cell membrane.

Materials and Methods
PBCV-1 was grown and purified as described previously (42). Chlorella varia-
bilis NC64A cell walls were isolated by disrupting cells with sonication fol-

1. Van Etten JL (2003) Unusual life style of giant chlorella viruses. Annu Rev Genet
37:153-195.

2. Yamada T, Onimatsu H, Van Etten JL (2006) Chlorella viruses. Adv Virus Res
66:293-336.
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lowed by vortexing in a Genie Disruptor with 0.3 mm glass beads for 15 min
at 4°C. Following centrifugation, the wall pellet was extracted with Tris-buf-
fered phenol to remove proteins followed by a wash with toluene. The wall
preparation was then washed several times with 50 mM sodium acetate,
pH 6.5 buffer by resuspending and centrifuging. The pellet was suspended
in the sodium acetate buffer and incubated overnight at 37 °C with 8 units
per mL of a-amylase (Sigma, Aspergillus oryaae) to digest residual starch. The
sample was then heated to 100 °C for 90 s, cooled, centrifuged and the pellet
was incubated with 5% SDS at 40 °C for 30 min. The walls were subjected to
five washes in sterile distilled water and centrifugations and the final pellet
was suspended in sterile distilled water.

PBCV-1 particles or isolated cell walls incubated with PBCV-1 in Bold’s basal
medium (45) for 10 min at room temperature were frozen using the Gatan
Cryoplunge3 device. Grids were blotted for 5 s before plunging into ethane
at 100 K while the humidity was greater then 85%. CryoEM images were
collected on Kodak films (Kodak Electron Image Film SO-163) using a CM300
FEI electron microscope with approximately 20 electrons/A? dose. Images
were recorded using a magnification of 33,000 with a defocus range from
1.5 to 4 pm. Films were digitized with a Nikon scanner (Super Coolscan9000)
at 6.35 pm/pixel, corresponding to 1.92 A/pixel at the sample.

A total of 17,016 particles were selected and boxed using the e2boxer
software from the EMAN2 system (46). These particles were selected from
about 800 micrographs that had Thon rings extending beyond 9 A resolution.
The initial model was created by program starticos from the EMAN system
(47) and refined to 9.7 A based on the point where the Fourier shell correla-
tion fell below 0.5 between maps computed from the odd numbered and
even numbered particles (48).

The atomic structure of Vp54 was fitted into the cryoEM density of the
icosahedrally reconstructed map using the program EMfit (26). An averaged
map of the 22 independent capsomers within the asymmetric unit of a
trisymmetron was calculated assuming the initial translation and orientation
matrix from EMfit using the program AVE (49). The 22 rotational and transla-
tional matrices were refined by aligning each individual capsomer in the
cryoEM map with the averaged map using the program IMP (49). These
refined matrices were used to calculate a new averaged map. This iterative
process was repeated five times. The orientation and position of the three-
fold axis in the refined average capsomer was similarly determined by
again using the program IMP to generate a final 66-fold averaged map.
The resolution of this map was 8.5 A based on applying the refined matrices
separately onto the odd numbered and even numbered particles and then
calculating the Fourier shell correlation between the two maps using the
same criterion as given above.

To obtain a fivefold average reconstruction that included the entire spike
at the unique vertex, the particles were reboxed with a larger box size with
700 instead of 600 pixels where the pixel separation was 3.84 A. The center
of the particle was retained at the center of the box. To obtain a unique
orientation of one vertex, a model of PBCV-1 was constructed that had a
pocket in the vicinity of one fivefold vertex, corresponding to the observation
of numerous single cryoEM particles. This model was then compared with
approximately 200 particle images that showed a recognizable pocket. This
model was projected using the 60 icosahedrally related angular orientations
found for each of these images in the previous icosahedral reconstruction.
Of these 60 projections there were five identical results that were seen to
bring the orientation of the pocket in the projected model into the same
orientation as the pocket in the image. The resultant reconstruction based
on these 200 particles was then used to identify the unique fivefold orienta-
tion of all the other 16,816 particles. The resultant reconstruction was
then used for selecting orientations in the next iteration. The procedure con-
verged after only two cycles.
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SI Text

The pseudohexagonal trimeric capsomers form a quasi-hexago-
nal lattice with a triangulation number, 7, of 169 d (h =7,
k = 8), implying that there are 60 T jelly-roll p-barrels in the
virion capsid (1). The Vp54 trimeric capsomers are arranged into
20 trisymmetrons and 12 pentasymmetrons on the surface of the
virus. Each of the 20 trisymmetrons and 12 pentasymmetrons
consist of 66 and 30 trimeric, pseudohexagonal capsomers, re-
spectively. These numbers imply that there are 22 and six trimeric
capsomers per asymmetric unit in each trisymmetron and in each
pentasymmetron, respectively. The capsomers have similar orien-

1. Nandhagopal N, et al. (2002) The structure and evolution of the major capsid protein
of a large, lipid-containing DNA virus. Proc Natl/ Acad Sci USA 99:14758-14763.

tations within each trisymmetron. Capsomers facing each other
across the boundary of neighboring trisymmetrons have “oppo-
site” orientations (related by about a 60° rotation) because of
the icosahedral twofold axes. Within the asymmetric unit of each
pentasymmetron there are five capsomers that have essentially
the same orientation and one capsomer with an opposite orienta-
tion. In addition, there is a “penton” capsomer at each fivefold
vertex and, assuming icosahedral symmetry, these penton cap-
somers presumably consist of five single jelly roll monomers as
occurs in adenovirus (2).

2. Zubieta C, Schoehn G, Chroboczek J, Cusack S (2005) The structure of the human ade-
novirus 2 penton. Mol Cell 17:121-135.

Fig. S1. The difference density map of 66-fold averaged, 8.5 A resolution capsomer. (A) The difference map seen from the outside of the virus shows three
contiguous volumes of densities (mesh) associated with each Vp54 monomer. The three density volumes (on the exterior of the virus) cover most of the
carbohydrate moieties at the carbohydrate sites found in the crystallographic determination. The carbohydrate moieties do not occupy the entire volume
indicating additional carbohydrate moieties that were disordered in the crystal structure. (B) The difference map seen from the inside of the virus shows one
sausage-like density (inside the capsid) associated with each Vp54 monomer, which is predicted to be the 24 amino acids at the N-terminus that are missing in

the X-ray crystallograhic Vp54 structure.

Zhang et al. www.pnas.org/cgi/doi/10.1073/pnas.1107847108
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Fig. S2. Averaged density map of minor proteins. (A) The average density map of long proteins. (B) The average density map of the MP dimer, seen in two
orthogonally related views. The MP is associated with the inner viral membrane between the two thin white horizontal lines in panel B.

Fig. S3. The PBCV-1 fibers. (A) Five fibers are shown near the unique vertex (yellow arrows). (B) The difference map in which the Vp54 protein density was set
to zero in the trisymmetrons shows the fibered capsomer (green arrow). The view is roughly down the spike at the unique vertex (white arrow). Guide lines
show the boundaries of the pentasymmetron and trisymmetrons around the unique vertex. The position of the fibered capsomer within the trisymmetron is
also shown in Fig. 2. The difference density corresponding to the surface carbohydrate moieties is different for the fibered capsomer compared to the un-
fibered capsomers in the same trisymmetron. The density of the fibered capsomer might be a protein that is homologous to Vp54.

£

Table S1. Estimated copy number of minor capsid proteins per virion

A* B c DS Total"
Membrane protein 27 0 9 0 450
Long protein 15 0 10 0 275
Finger protein 0 0 0 65 65
Peripentonal protein 0 0 0 40 40
1st fibered protein 3 0 3 0 60
2nd fibered protein! - 0 0 0 30

*A = number of protein monomers in general trisymmetrons.

'B = number of protein monomers in general pentasymmetrons.

*C = number of protein monomers in special trisymmetron around the unique vertex.

5D = number of protein monomers in special pentasymmetron at the unique vertex.

There are fifteen general trisymmetrons, five special trisymmetrons, eleven general
pentasymmetrons, and one special pentasymmetron. As a result, Total = 15A + 5C + 11B+
1D.

I0ccurs only in 10 general trisymmetrons.
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