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Summary

Reovirus is a useful model for addressing the molec-
ular basis of membrane penetration by one of the
larger nonenveloped animal viruses. We now report
the structure of the reovirus virion at 7.0 Å resolution
as obtained by electron cryomicroscopy and three-
dimensional image reconstruction. Several features
of the myristoylated outer capsid protein �1, not seen
in a previous X-ray crystal structure of the �1-�3 het-
erohexamer, are evident in the virion. These features
appear to be important for stabilizing the outer cap-
sid, regulating the conformational changes in �1 that
accompany perforation of target membranes, and
contributing directly to membrane penetration during
cell entry.

Introduction

Nonfusogenic mammalian orthoreoviruses (reoviruses),
from the genus Orthoreovirus, family Reoviridae, are a
classic system for studies of virus-cell and virus-host
interactions in pathogenesis (reviewed in Forrest and
Dermody, 2003; Nibert et al., 1991a; Sharpe and Fields,
1985; Tyler et al., 2001). One interesting but poorly
understood step in cell entry by reovirus and other non-
enveloped viruses is membrane penetration, by which
these viruses cross the cellular membrane barrier and
enter the cytoplasm to begin infection. The reovirus vi-
rion is >850 Å in diameter and comprises two concen-
tric, icosahedral protein capsids surrounding a ten seg-
ment, double-stranded (ds) RNA genome. One of the
*Correspondence: mnibert@hms.harvard.edu (M.L.N.); tsb@chem.
ucsd.edu (T.S.B.)
major outer capsid proteins, �1 (76 kDa, 600 copies per
virion), has been implicated in membrane perforation
(reviewed in Chandran and Nibert, 2003). The perfora-
tion activity is thought to allow a partially uncoated
form of the particle to enter the cytoplasm. How �1
affects this function remains a subject of study, but re-
cent results implicate autolytic release of a myristoy-
lated, amino (N)-terminal fragment of �1 as one key
step (Odegard et al., 2004).

An X-ray crystal structure of �1 in complex with its
“protector” protein σ3 has been determined at 2.8 Å
resolution (Liemann et al., 2002). The complex is a het-
erohexamer, a central �1 trimer with three σ3 mono-
mers bound to its upper half. The N-terminal fragment
of �1 described above is largely buried within the base
of the trimer, suggesting that major conformational
changes must precede its release. There is ample evi-
dence for structural transitions in the outer capsid, in-
cluding conformational changes in �1, which precede
membrane perforation (Chandran et al., 2002, 2003;
Odegard et al., 2004). The N-terminal eight residues
(2–9) of �1, as well as the myristoyl group attached to
Gly2 (Nibert et al., 1991b; Tillotson and Shatkin, 1992),
are not visible in the �1-σ3 crystal structure, presuma-
bly because they were disordered in the crystals (Lie-
mann et al., 2002) (Figure 1). A putative loop from resi-
dues 72–96 and the carboxyl (C)-terminal 33 residues
(676–708) of �1 were also apparently disordered in the
crystals (Figure 1).

To learn more about the structure of �1 in reovirus
particles, we have turned to electron cryomicroscopy
(cryo-EM) and three-dimensional (3D) image recon-
struction. A series of previous cryo-EM reconstructions
of virions, infectious subvirion particles (ISVPs), and re-
coated particles, all containing the �1 protein or its
fragments, have been determined at resolutions of 18 Å
or lower (e.g., Chandran et al., 2001; Dryden et al.,
1993; Liemann et al., 2002; Metcalf et al., 1991; Nason
et al., 2001; Wilson et al., 2002). From these determin-
ations, the virion outer capsid has been known to con-
tain 200 �1-σ3 heterohexamers assembled on an in-
complete, fenestrated T = 13l lattice. Around each of
the 12 icosahedral 5-fold axes, this lattice is substituted
by pentamers of core-turret protein λ2, which mediates
key functions in 5#-capping of the viral plus-strand RNA
transcripts following entry into the cytoplasm (reviewed
in Furuichi and Shatkin, 2000) and for which an X-ray
crystal structure has been determined as part of the
core particle (Reinisch et al., 2000). By fitting the X-ray
models of �1-σ3 and λ2 into an 18 Å cryo-EM map of
the virion, we have previously derived an atomic model
of the entire outer capsid (Liemann et al., 2002), missing
only the fibrous cell adhesion protein σ1 and the small
segments of �1 described above.

Several groups have extended cryo-EM reconstruc-
tions of icosahedral virus particles to resolutions be-
yond 10 Å (reviewed in Henderson, 2004). Among these
is our recently reported structure of the reovirus virion
at w7.6 Å resolution (Zhang et al., 2003). We have used
this reconstruction to localize the viral RNA-dependent
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Figure 1. Sequence and Secondary Structures of Reovirus �1 Protein

Primary sequence of reovirus �1 protein (GenBank AAM10735) is shown in single-letter code with position numbers above. Three segments
of disordered residues in the X-ray crystal model of the �1-σ3 heterohexamer (Liemann et al., 2002) are indicated by larger, bold letters and
dashed lines. Secondary structures extracted from the crystal structure are noted above the other sequences (α helices, cylinders; β strands,
arrows). An arrowhead marks the autocleavage site between residues 42 and 43. The �1 protein is N-terminally myristoylated, presumably
on Gly2 after removal of Met1 (Nibert et al., 1991b; Tillotson and Shatkin, 1992).
RNA polymerase, λ3, a protein for which a crystal struc-
ture has also been determined (Tao et al., 2002). For the
current study, we refined the cryo-EM reconstruction of
the virion to w7.0 Å resolution and used this structure
to visualize several features of the outer capsid, includ-
ing segments of �1 that were disordered in the �1-σ3
crystals. The newly visualized features appear to be im-
portant for stabilizing the outer capsid, regulating the
conformational changes in �1 that accompany perfora-
tion of target membranes, and contributing directly to
membrane penetration during cell entry.

Results

Refined Cryo-EM Map of Reovirus Virion
We have estimated the mean resolution of our recent
cryo-EM reconstruction of the virion of reovirus strain
type 3 Dearing (T3D) to be 7.6 Å (Zhang et al., 2003).
Further improvements in methods (see Experimental
Procedures) permitted us to refine it to a mean resolu-
tion near 7.0 Å for the current report (Figures 2A and 3).
Across most of the particle radii spanned by proteins
λ1, λ2, σ2, and �1 (240–396 Å) (Dryden et al., 1993), the
estimated resolution of the refined map is slightly bet-
ter, ranging between 7.0 Å and 6.7 Å (Figure 3 and data
not shown).

Averaged Cryo-EM Map of Virion Bound �1 Protein
For most types of icosahedral virus particles, each
asymmetric unit contains more than one copy of the
shell protein, and with standard icosahedral-recon-
struction procedures, no additional symmetry opera-
tions are imposed to average the density among the
different copies. After reconstruction, however, averag-
ing the data for subunits adopting largely identical con-
formations within each asymmetric unit may improve
the resolution of that part of the density map (Jiang et
al., 2003; Zhou et al., 2000, 2001). The same holds for
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epeating subunits within nonicosahedral lattices, such
s clathrin in hexagonal barrels (Fotin et al., 2004).
hether this method works to improve the resolution

f any particular map can be determined only empiri-
ally, and we therefore addressed this possibility for vi-
ion bound �1 in this study.

Although the reovirus outer capsid is organized with
uasi T = 13l symmetry, only 10 of a possible 13 copies
f �1 are present per asymmetric unit, because a copy
f λ2 occludes the other three positions (Dryden et al.,
993) (Figures 2B–2D). Nine of the ten �1 subunits per
symmetric unit are contained in three uniquely posi-
ioned trimers, designated Q, R, and S; the tenth sub-
nit is one-third of the T trimer, centered on the icosa-
edral 3-fold axis (Dryden et al., 1993) (Figures 2B–2D).
fter extracting data from the 7.0 Å cryo-EM map of the
irion, we determined that the ten unique �1 subunits
ave very similar conformations, as demonstrated by
igh correlation coefficients (0.89–0.96) in pairwise com-
arisons (data not shown). The coefficients were higher
mong subunits from the R, S, and T trimers (0.92–
.96), indicating that subunits from the Q trimer are less
imilar. We therefore omitted Q from the averaging pro-
edure and used only the seven subunits from the R,
, and T trimers. The estimated mean resolution of the
veraged map was improved to w6.7 Å (Figure 3). Fur-
her improvement was likely limited by the accuracy of
eterminations of particle orientation and origin, as well
s by the finite number of particle images used. A rep-
esentative region showing improvements in the averaged
1 map is illustrated in Figure 4. Despite its improved

esolution, the averaged map revealed no significant
dditional features.

omparisons of Cryo-EM Maps with X-Ray Models
e have previously described the fitting of X-ray crys-

al models of reovirus proteins into the 7.6 Å recon-
truction of the reovirus T3D virion, and we focused on
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Figure 2. Cryo-EM Reconstruction of Reovirus Virion and Atomic Models of Virion and ISVP

(A) Shaded surface representation of 7.0 Å cryo-EM reconstruction of reovirus virion, viewed along an icosahedral 2-fold axis. The 200 Å
scale bar also applies to (B) and (C) and represents 100 Å for (D).
(B) Atomic model of reovirus virion viewed as in (A). Proteins are differentiated by color: σ3 monomers, blue; λ2 pentamers, magenta; �1.Q
trimers, orange; �1.R trimers, cyan; �1.S trimers, pink; and �1.T trimers, brown. The �1 trimers are partially obscured by σ3 in the virion, but
are clearly seen in the ISVP model in (C). P2 and P3 channels through the outer capsid are labeled; the former is bounded by four �1 trimers
and λ2, and the latter is bounded by six �1 trimers (Dryden et al., 1993; Metcalf et al., 1991). One asymmetric unit, visible in this panel as
well as in (C) and (D), is outlined with a white triangle.
(C) Same as shown in (B), but minus the σ3 subunits in order to model the ISVP. The different types of �1 trimers that surround the P2 and
P3 channels indicated in (B) are now labeled with letters. The two S trimers related by the icosahedral 2-fold axis are labeled S1 and S2 to
signify that they have distinct interactions with the underlying σ2 monomer (not visible).
(D) Close-up view of a portion of the ISVP model shown in (C). Green symbols (pentagons, triangle, and oval) identify the icosahedral five-,
three-, and 2-fold axes, respectively.
(E) Close-up stereo view of part of a �1.T trimer. Cryo-EM densities attributable to �1.T in the 7.0 Å map of the virion (gray net, contoured at
2.0 σ) have been fitted with a model of the �1 trimer (ribbon traces colored in purple, orange, and cyan for the three respective subunits in
this trimer) derived from the 2.8 Å X-ray crystal structure (Liemann et al., 2002). Scale bar, 10 Å.
core proteins λ1, λ2, λ3, and σ2 (Zhang et al., 2003).
The fits showed strong correspondences between the
X-ray models of λ1, λ2, and σ2 within core particles and
their structures within the virion cryo-EM map, and they
additionally allowed the position and orientation of λ3
within the virion to be determined. The fits also showed
strong correspondences between the X-ray models of
�1 and σ3 within the �1-σ3 heterohexamer (Liemann et
al., 2002) and their structures at different lattice posi-
tions within the outer capsid region of the virion cryo-
EM map. For the previous report, however, the outer
capsid was not a focus of emphasis, and regions of �1
missing from the X-ray model, but present in the cryo-
EM map, were not examined.

For this report, we repeated fitting procedures for
each of the indicated proteins by using the 7.0 Å map
of the virion (e.g., Figure 2E) as well as the 6.7 Å map
of the virion bound �1 protein. In this manner, we made
minor refinements to the previous results for the three
core-surface proteins—λ1, λ2, and σ2—as well as for
the position and orientation of the internal core protein
and polymerase λ3 (data not shown). No crystal struc-
ture of the second internal core protein, �2, is yet avail-
able for such analysis (Kim et al., 2004). We also refined
the previous results for fitting the X-ray model of the
�1-σ3 heterohexamer into 200 positions in the outer
capsid region of the 7.0 Å map of the virion (Figures
2B–2D). A number of findings about �1 and its contacts
with other proteins are discussed below. Findings for
σ3 were essentially the same as those from the 7.6 Å
map (Zhang et al., 2003): close correspondence be-
tween the X-ray model and the cryo-EM densities. Lim-
ited densities attributable to the base of the trimeric
cell adhesion fiber σ1 (Chappell et al., 2002; Furlong et
al., 1988) were observed in the 7.0 Å map, consistent
with that protein’s known flexibility. Since these densi-
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Figure 3. Resolutions of Virion and Averaged �1 Subunit Maps

Plots of the Fourier-shell correlation (FSC) as a function of resolu-
tion are depicted for the virion capsids (dashed curve), the �1.T
trimer densities (solid curve), and the averaged �1 subunit densi-
ties (thick solid curve). Based on a conservative threshold criterion
(solid horizontal line for FSC = 0.5 [Rosenthal and Henderson,
2003]), the effective resolutions of the virion capsids, �1.T trimer,
and averaged �1 subunit are approximately 7.0, 6.9, and 6.7 Å,
respectively. Based on a less stringent, noise-limited criterion
(dashed horizontal line for FSC = 0.143 [Rosenthal and Henderson,
2003]), the effective resolutions are approximately 6.8, 6.7, and bet-
ter than 6.0 Å, respectively. The FSC for the �1 average exceeds
that for the other two density maps at all resolutions, indicating
that all features R 6.0 Å are better represented in the average.
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ties were similar to ones in previous reconstructions of
reovirus particles (e.g., Chandran et al., 2001; Dryden
et al., 1993, 1998; Liemann et al., 2002; Wilson et al.,
2002), they were not analyzed further for this report.

Discussion

Positions of the C-Terminal Arm of Outer
Capsid Protein �1
Several previous cryo-EM reconstructions of reovirus
virions and recoated cores (Chandran et al., 1999, 2001;
Dryden et al., 1993, 1998; Liemann et al., 2002; Nason
et al., 2001), at resolutions lower than reported here,
revealed a disconnected density, or “blob,” in each of
the P3 channels through the outer capsid (see Figure 2
for terminology). The particle radii at which these blobs
were found suggested that they might be attributable
to the 33 C-terminal residues (676–708) of �1, which
were disordered in the �1-σ3 crystals (Liemann et al.,
2002).

In the 7.0 Å reconstruction of the virion, more details
of these features are now visible. Especially notable are
six “spokes” (w10 Å long × w7 Å wide) connecting the
central “hub” of each structure to the bodies of the six
surrounding �1 trimers (Figure 5A). Each spoke con-
nects to the associated �1 subunit near the last residue
of the fitted X-ray crystal model of �1, Pro675 (Figures
5A and 5B). The spokes run from this position in a
slightly inward radial direction before connecting to the
hub (Figure 5B). The hub resembles a squat cylinder
(w26 Å tall × w20 Å wide), possibly pierced by a small
radial channel (Figure 5A).

The top-most parts of the hub appear to be more
ragged and have lower density values than the bottom
(Figure 5B), suggesting that the top may include more
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lexible elements. The spokes also have lower density
alues than the bulk of �1, suggesting that they too are
ore flexible. When the density-contour level is raised

rom 0.5 to 1.5 σ, the total volume of one P3 hub-and-
pokes structure goes from accounting for w22 resi-
ues per subunit to completely disappearing, even
hough most other features of �1 show only minor
hanges. These results not only suggest a higher level
f flexibility in this region but also indicate that some
f the C-terminal 33 residues of �1 that are missing
rom the X-ray model may still not be fully represented
n the virion map.

A related structure is also found in each P2 channel.
he P2 structures differ in having only four spokes (Fig-
re 5C), consistent with the presence of only four �1
rimers around each of these channels (Dryden et al.,
993; Liemann et al., 2002). The central hub of the P2
omplex resembles a squat cylinder that is flattened on
ne side (Figure 5D), consistent with the fact that the
wo �1 trimers that fill that side of the cylinder in each
3 channel are missing, substituted by λ2. Thus, the
otif that constitutes the hub may fold into a similar,
ut incomplete, structure with contributions from only

our �1 subunits. Overall, the hub and spokes in each
2 channel have lower density values than those in
ach P3 channel, suggesting that the P2 structures are
ven more flexible.
By tying together the C termini of four or six �1 sub-

nits, the hub-and-spokes complexes may be critical
or assembling or stabilizing the entire �1 lattice. The
tructures may also contact core proteins λ2 and/or σ2
Figures 5C and 5D). Recoating experiments have
hown that deletion of nine C-terminal residues (700–
08) of �1 does not prevent assembly of the outer cap-
id, but deletion of 22 residues (687–708) does (A.L.
degard and M.L.N., unpublished data). Thus, some
ortion of the hub-and-spokes complex is probably re-
uired for stable assembly of the �1 layer. The C-ter-
inal sequences of �1 are not represented in the �1

omologs of avian orthoreoviruses (Noad et al., 2005)
r aquareoviruses (Attoui et al., 2002), suggesting that
hese residues do not have a conserved, essential role.

The length of each spoke (w10 Å) in the P2 and P3
tructures would seem to place residue Cys679 near
he junction with the central hub. This is consistent with
he capacity of Cys679 to form disulfide bonds be-
ween pairs of subunits in the maturing outer capsid
Odegard et al., 2003). Sequences following Cys679 in
ll four or six subunits then presumably coalesce to
orm the hub. The Cys679-mediated disulfide bonds
ay help to stabilize the complex, but they are proba-
ly not the sole features that tie together the C termini
f the surrounding subunits. Indeed, a mutant �1 in
hich Cys679 has been substituted by serine is fully
ompetent for outer capsid assembly and generation
f infectious virion-like particles by recoating (Odegard
t al., 2003).
Evidence that the C-terminal 14 residues (695–708)

f �1 in virions are sensitive to protease cleavage and
elease (Mendez et al., 2003; Nibert, 1993) favors the
dea that these sequences extend from the top of the
ub. After these residues are removed by proteolysis
uring generation of ISVPs, the hub-and-spokes com-
lexes remain visible in a 12 Å cryo-EM reconstruction
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Figure 4. Cryo-EM Densities of �1 before
and after Averaging

(A) Close-up stereo view of a portion of the
�1.T trimer before nonicosahedral averaging
of the cryo-EM densities. The densities (gray
net, contoured at 2.0 σ) have been fitted with
the X-ray crystal model of the �1 trimer (pur-
ple and cyan ribbon traces for two respec-
tive �1 subunits from the same trimer). At
this contour level, densities attributable to
residues Pro316–Ala319 (red and yellow
spheres, respectively, connected by purple
trace) are discontinuous, and there is little
density attributable to the side chain of
Trp333 (ball and stick model).
(B) Same as shown in (A), but for the nonico-
sahedral average of seven �1 subunits (see
Experimental Procedures). At a contour level
of 2.0 σ, the cryo-EM densities attributable
to residues Pro316–Ala319 are now nearly
continuous, and there is somewhat more
density attributable to the side chain of
Trp333 (the latter being more evident when
viewed from a different angle than the one
chosen to highlight the 316–319 region in
this figure). The 5 Å scale bar also applies
to (A).
(X.Z., M.A. Agosto, M.L.N., and T.S.B., unpublished
data). Thus, these C-terminal sequences are not re-
quired for structural integrity of the �1 layer or infectiv-
ity of the ISVP. Removal of these sequences in fact
might be necessary for �1 to function in cell entry
(Mendez et al., 2003).

Positions of the 72–96 Loop of �1
In the X-ray crystal model of �1-σ3 (Liemann et al.,
2002), Ile71 and Asp97 are exposed on the heterohex-
amer surface, near the base of each �1 subunit at radii
300 Å and 308 Å, respectively (Figure 6). These loca-
tions suggest that the intervening loop, disordered in
the crystals, might project either sideways toward an
adjacent �1 or λ2 subunit or inward toward a σ2 or λ1
subunit in the virion.

In the 7.0 Å cryo-EM map of the virion, densities at-
tributable to residues 72–96 are visible, adjoining the
body of �1 where residues 71 and 97 are exposed (Fig-
ure 6). For nine of the ten �1 subunits (all but one of
the Q subunits) in each asymmetric unit, the features of
the loop densities are as follows. The loop projects
largely sideways, toward an adjacent �1 trimer, and its
volume can account for most of the 25 loop residues.
The loop appears to contact two different subunits in
the adjacent trimer: across the C-terminal end of a
short α helix (helix, 122–127; contacts, between 126
and 129) in one subunit and with the C-terminal part of
a loop and the succeeding β strand (loop, 51–62;
strand, 63–65; contacts, between 57 and 65) in another
(Figure 6). The 122–127 α helix from the X-ray model,
when fitted into the cryo-EM densities, appears to be
slightly displaced, perhaps because of the loop con-
tacts that are unique to particle bound �1 (see next
paragraph). In addition, densities attributed to the 72–
96 loop appear to connect with other newly visualized
densities attributed to the N-terminal arm of the same
opposing subunit as contributes the 126–129 contacts
(see later section and Figures 8C and 8D). Densities
attributable to this loop are also visible, although less
well defined, in the 12 Å cryo-EM map of the ISVP (X.Z.
et al., unpublished data). The loop is not seen in the
�1-σ3 crystal structure (Liemann et al., 2002), evidently
because contacts with the adjacent �1 trimer in the
particle are required for maintaining an ordered structure.

For the one �1.Q subunit in each asymmetric unit for
which the 72–96 loop abuts λ2, the loop remains poorly
defined (data not shown). Only limited new density is
seen adjoining residue 97 and projecting toward λ2.
Even when a lower density contour level is used for
displaying the map, only a few additional beads of den-
sity are visible to suggest the loop’s path. We conclude
that the loop makes only weak contacts with λ2. In the
one Q subunit for which the 122–127 α helix abuts λ2
and therefore does not contact the 72–96 loop from an
adjacent �1 trimer, the helix does not appear to be dis-
placed and instead contacts the 580–586 loop from λ2
(see later section and Figures 8C and 8D).

The trimer-trimer contacts by the 72–96 loop proba-
bly help to stabilize the �1 lattice in both virions and
ISVPs. In addition, the loop may stabilize the base of
the adjacent trimer, by making contacts with two dif-
ferent subunits within that trimer. These contacts by the
72–96 loop would likely need to break during the con-
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Figure 5. Cryo-EM Densities in the P3 and P2 Channels of Reovirus Virion

(A–D) Cryo-EM densities (gray net) are contoured at 0.8 σ. Colors and labels correspond to those in Figures 2B–2D. Ribbon traces depict the
fitted X-ray crystal models of the (A–D) �1 trimers (Q, orange; R, cyan; S, pink, and T, brown), (B and D) associated σ3 monomers (blue), a (C
and D) λ2 pentamer (magenta), and (B and D) σ2 monomers (purple). Pro675, the last residue visible in the �1 crystal structure, is identified
with a green ball for the �1 subunits that project it into the highlighted (A and B) P3 and (C and D) P2 channels. “Hub-and-spokes” cryo-EM
densities, devoid of fitted models but abutting Pro675, are visible in the channels, with six spokes in the P3 structure and four spokes in the
P2 structure. (A) The slab shown in this panel is from the region bounded by dashed lines in (B). A radial channel through the P3 hub is more
evident at lower resolutions (8–9 Å). (B) P3 channel, side view. The slab is from the region bounded by dashed lines in (A). (C) P2 channel,
top view. The slab is from the region bounded by dashed lines in (D). (D) P2 channel, side view. The slab is from the region bounded by
dashed lines in (C). The 25 Å scale bar applies to all panels.
formational changes in �1 that accompany cell entry
(Chandran et al., 2002, 2003; Odegard et al., 2004).

Shifts in the 51–62 Loop of �1
A loop that spans �1 residues 51–62 in the X-ray crystal
model of �1-σ3 (Liemann et al., 2002) “hangs” from the
base of each subunit (Figure 6C). Densities attributable
to each of these loops in the virion cryo-EM map are,
in nine of the ten �1 subunits, displaced from their posi-
tions in the crystal structure. The only subunit in which
the 51–62 loop is not substantially shifted is the one
λ2-contacting subunit in each Q trimer that also con-
tacts the σ2.5f nodule (see later section for terminology)
(data not shown). In addition, in most of the other sub-
units, a middle portion of the 51–62 loop shows thinned
or absent density in the cryo-EM map (Figure 6C and
data not shown). The reasons for these shifts in the 51–
62 loop are not obvious, but they could result in part
from contacts with the ordered 72–96 loop that projects
from the �1 subunit on the opposite side of the 2-fold
or quasi-2-fold axis and appears to have “pulled” the
51–62 loop up and to one side (Figure 6C). For some
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1 subunits, additional contacts with an underlying σ2
ubunit may help to determine the precise conforma-
ion of the 51–62 loop (data not shown). Thus, the 51–
2 loop may participate in stabilizing the �1 lattice as
ell as in anchoring this lattice to the underlying inner
apsid.

tructure around the Autocatalytic
leavage Site of �1
he 708 residue �1 protein undergoes an autocatalytic
leavage (autocleavage) between residues Asn42 and
ro43, yielding myristoylated N-terminal fragment �1N
nd C-terminal fragment �1C (Nibert et al., 1991b,
005; Smith et al., 1969). If this cleavage cannot occur,
he particles are minimally infectious, possibly because
he �1N peptide cannot be released during cell entry
Odegard et al., 2004). The �1N/�1C cleavage has been
hought to occur before or during assembly, when σ3
ssociates with �1 to form the �1-σ3 heterohexamers,
hich then go on to form the outer capsid (Chandran
t al., 1999; Lee et al., 1981; Shing and Coombs, 1996).
ecent results involving changes to the conditions for
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Figure 6. Cryo-EM Densities for Residues
72–96 in the Averaged �1 Cryo-EM Map

(A) Close-up stereo view of a region near the
base of two adjacent �1 trimers, looking to-
ward the virion interior. Cryo-EM densities
(gray net, contoured at 2.0 σ) are fitted with
the X-ray crystal models of two �1 trimers
(light-blue and brown ribbon traces, respec-
tively). Extra cryo-EM densities forming a
U-shaped loop (green net) were assigned to
residues 72–96. Black and blue spheres,
abutting the two ends of the U-shaped den-
sities, identify the positions of residues Ile71
and Asp97, respectively, in the light-blue
subunit. A short α helix (residues 122–127),
colored purple in the otherwise brown sub-
unit, is slightly displaced from the attributed
cryo-EM densities, apparently owing to con-
tacts with the 72–96 loop.
(B) Same as shown in (A), but with a tentative
ribbon trace (magenta), including an α helix,
built into the extra cryo-EM densities as-
cribed to residues 72–96.
(C) Same as shown in (B), but viewed in an
orthogonal direction, from the left side of (B)
to illustrate apparent interactions between
the 72–96 (magenta) and the 51–62 (cyan)
loops. The 51–62 loop is clearly displaced
from the associated cryo-EM densities. A β
strand formed by residues 63–65 (black) also
contacts the 72–96 loop. The 10 Å scale bar
also applies to (A) and (B).
(D) Bottom view (from virion interior) of two
adjacent �1 trimers (light-blue and brown) in
the atomic model. Putative traces for the two
72–96 loops at the trimer-trimer interface are
shown in magenta. The scale bar is 25 Å.
particle disruption before electrophoresis indicate, how-
ever, that many more of the �1 subunits than previously
thought remain uncleaved in virions and ISVPs and un-
dergo this cleavage only later, in concert with outer
capsid disassembly (Nibert et al., 2005). The �1-σ3 crystal
structure nonetheless reveals a cleaved form of �1, in
which the peptide bond between Asn42 and Pro43 has
been broken and the two termini have moved w9 Å
apart (Liemann et al., 2002) (Figure 7).

Comparing the cryo-EM map of �1 in virions with the
X-ray crystal model of �1-σ3, we find that the region
around the autocleavage site exhibits a few key differ-
ences (Figure 7). Residues from the X-ray model lead-
ing up to and including Asn42 fit well with densities in
the cryo-EM map, but Pro43 and Gly44 from the crystal
structure are displaced. Moreover, density from Asn42
through to Gly45 in the cryo-EM map appears to form
a continuous bridge, which persists over a wide range
of density contour levels. Similar densities are evident
for �1 subunits in each of the ten positions in the asym-
metric unit. We conclude that the Asn42/Pro43 peptide
bond remains uncleaved in many of the virion bound
subunits. The resolution of the cryo-EM map is not high
enough for this conclusion to be definitive, and be-
cause the map is an average, we cannot conclude that
this bond remains uncleaved in all subunits. The con-
clusion is nonetheless consistent with the recent bio-
chemical findings (Nibert et al., 2005) and supports the
hypothesis put forth in Nibert et al.’s study that many
of the �1 subunits in virions remain uncleaved at the
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Figure 7. Autocleavage Site in the Averaged
�1 Cryo-EM Map

Portions of two �1 subunits from the same
trimer (indicated by purple and orange
traces for the X-ray crystal models of these
subunits) are shown in a close-up stereo
view. The positions of Asn42, Pro43, and
Gly45, as found in the cleaved �1 subunits of
crystallized �1-σ3 heterohexamers (Liemann
et al., 2002), are indicated with magenta,
blue, and green spheres, respectively. Asn42
lies within the cryo-EM densities (gray net,
contoured at 1.8 σ), whereas Pro43 and
Gly44 (no sphere) lie outside, and these ob-
servations hold true over a broad range of
contour levels (data not shown). Further-
more, unlike in the X-ray crystal structure, a

continuous arch of density bridges residues 42–45 in the cryo-EM map, suggesting that the Asn42/Pro43 peptide bond remains uncleaved.
The red trace within this arch models the putative path of �1 residues 42–45 within the virion. The scale bar is 5 Å.
�1N/�1C junction until outer capsid disassembly. The
�1-σ3 crystal structure may contain �1 in the cleaved
form because the autocleavage was induced during
crystallization (Liemann et al., 2002).

Positions of the N-Terminal Arm and Myristoyl
Group of �1
In the �1-σ3 crystal structure (Liemann et al., 2002),
Thr10 is the first visible residue and is exposed on the
heterohexamer surface, near the base of each �1 sub-
unit at radius 316 Å (Figure 8A). Approximately 17 Å
above Thr10, on the same side of �1, is the opening to
a narrow hydrophobic pocket that extends into the �1
interior. This pocket is deep enough to accommodate
a myristoyl chain, but in the crystal structure it is occu-
pied instead by β-octylglucoside, a detergent from the
buffer. It was proposed that the myristoyl group would
occupy this pocket in the absence of detergent and
that residues 2–9 could readily link it to the position
of Thr10.

In the 7.0 Å cryo-EM reconstruction of the virion, new
densities are seen that are consistent with this pro-
posal, forming an arc that links Thr10 to the putative
myristoyl binding pocket (Figure 8). Similar densities
are evident for �1 subunits in each of the ten unique
positions in the outer capsid, including the one Q sub-
unit in which this region abuts λ2. Because these fea-
tures are weaker than those for the 72–96 loop, our
conclusions about them are more tentative. Neverthe-
less, we conclude from the observations that the loca-
tions of the missing N-terminal regions of �1 proposed
by Liemann et al. (2002) are probably correct. The
weaker density suggests that this region is reasonably
flexible, and it remains possible that the myristoyl
group may move in and out of the hydrophobic pocket
as the structure “breathes.”

The N-terminal region of the �1.Q subunit that con-
tacts λ2 appears to affect the position of the 580–586
loop of λ2, as revealed by displacement of the assigned
cryo-EM densities from the position of this loop in the
X-ray model of the core particle (Reinisch et al., 2000)
(Figure 8C). The 580–586 loop of λ2 additionally con-
tacts α helix 122–127 of the �1.Q subunit (Figure 8C;
also described above) and possibly mediates ionic in-
teractions between Asp583 and Asp586 of λ2 and
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ys127 and Arg129 of �1. The 580–586 loop belongs to
he methylase-1 domain of λ2 and contains residues
hat also change position upon binding of the methyl-
onor substrate, S-adenosyl-L-methionine (Reinisch et
l., 2000). The interactions with �1.Q could conceivably

nhibit the λ2 methylase-1 by freezing the conformation
f the substrate binding pocket.
The N-terminal region of �1 appears to have a role in

ell entry (Nibert et al., 1991b; Odegard et al., 2004).
ven if fully extended, the length of a myristoyl group
nd eight amino acid residues of �1 (2–9) would be
bout 48 Å, much less than needed to reach above the
utermost surface of �1 (radius 396 Å) in virions and

SVPs. Thus, the myristoyl group would not be accessi-
le to the cellular membrane unless conformational
hanges in �1 released it to move or even to dissociate
rom the particle as part of the autolytically released
1N peptide (Odegard et al., 2004).
The densities we assign to the N terminus of �1
erge with the 72–96 loop densities that reach across

rom the adjacent �1 trimer. Thus, some residues within
his N-terminal region, most likely Ile7–Gln9 may con-
ribute contacts that stabilize the 2-fold interactions
etween �1 trimers. This is the part of the N-terminal

egion for which assigned densities are strongest, per-
aps because the loop contacts make them less flexi-
le. These are additional contacts that would need to
reak in order for the myristoylated �1N peptide to be

eleased in association with cell entry.

ther Contacts among �1 Trimers, and between �1
rimers and Core Proteins
n addition to contacts mediated by the N- and C-ter-

inal extensions and the 51–62 and 72–96 loops de-
cribed above, the bodies of the �1 trimers engage in
ther contacts. These contacts were previously sug-
ested, but not extensively described, by Liemann et
l. (2002). The 7.0 Å cryo-EM reconstruction of the vi-
ion further delimits these contacts.

The four types of �1 trimers in an asymmetric unit
ngage one another in side-to-side contacts across
ive different types of 2-fold (S-S) or quasi-2-fold (Q-R,
-S, R-S, and R-T) interfaces (see Figures 2C and 2D).
rimer-trimer contacts are concentrated in two regions
f each of these interfaces, one near the top, centered
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Figure 8. Cryo-EM Densities for N-Terminal
Eight Residues of �1 and Residues 580–586
of λ2

(A) Close-up stereoview of the cryoEM den-
sities (gray net) and fitted X-ray crystal mod-
els (light-blue and brown ribbon traces) at
the interface between two �1 trimers. Extra
cryo-EM densities (green net) have been as-
signed to the N-terminal eight residues of
one �1 subunit from the orange trimer. The
position of Thr10 is marked by a blue sphere,
residues Gly2 to Gln9 are modeled as a blue
loop, and the N-terminal myristoyl group is
represented as a space-filling model (red) oc-
cupying the β-octylglucoside pocket. Densi-
ties shown here, for the averaged �1 subunits,
are contoured at 1.4 σ. The 10 Å scale bar
also applies to (C) and (D).
(B) Same as shown in Figure 6D, but viewed
in an orthogonal direction (from the bottom
of Figure 6D) to show a full side view of the
pair of �1 trimers. Also highlighted are the
putative trace for N-terminal residues 2–9
(blue) and the space-filling model for the
N-terminal myristoyl group (red), for the one
subunit in each trimer for which this region is
positioned near the highlighted trimer-trimer
interface. The scale bar is 25 Å.
(C) Close-up view of the 7.0 Å virion recon-
struction showing cryo-EM densities (gray
net, contoured at 1.6 σ) and fitted X-ray
models (ribbon traces) at the interface be-
tween the �1.Q trimer (orange) and λ2 (ma-
genta). Extra cryo-EM densities (green net)
have been assigned to the 580–586 loop
(cyan trace) of the λ2 methylase-1 domain
and to approximately two residues of the N
terminus of �1 (blue sphere marks the posi-
tion of Thr10). The short, purple-colored α
helix in �1 (residues 122–127) contacts the
upper surface of the 580–586 loop of λ2.
Conformation of the λ2 loop in the X-ray
model of the core particle (Reinisch et al.,
2000) places the loop outside the extra den-
sity, which indicates that interactions of λ2
with the neighboring �1 subunit in virions re-
sults in a new loop conformation.
(D) Same as shown in (C), but with a putative
model (red trace) showing a proposed con-
formation of the 580–586 loop of λ2 fitted
into the extra cryo-EM densities.
at radius 375 Å, and the other near the base, centered
at 320 Å (Figures 9A and 9B). The new atomic model
derived from fitting the X-ray crystal model of �1-σ3
into the 7.0 Å cryo-EM map of the virion suggests that
each of these interfaces involves mostly the same con-
tacting residues from the opposite sides, although there
are minor differences reflecting either quasiequivalence
or deficiencies in the model (data not shown). Most
of the contacting residues are polar and contribute
roughly 1350 Å2 of buried surface per side of each inter-
face.

Each �1.Q trimer is engaged in additional side-to-
side contacts with two adjacent λ2 subunits (Figure
9C). These λ2 contacts are extensive, contributing
about 1900 Å2 of buried surface on each Q trimer, and
thus may play an important role in anchoring the �1
layer to the core. Several of the residues that contact
λ2 from the side of the Q trimer are the same ones (in
terms of primary sequence position) that contact an ad-
jacent �1 trimer at other positions in the outer capsid
(Figure 9C). In addition, according to the atomic model,
a number of other, mostly polar residues in the �1.Q
subunits are uniquely engaged in λ2 contacts (Figure
9C). The “top” domain (Liemann et al., 2002) of the Q
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Figure 9. Contacts between �1-σ3 Heterohexamers and between the �1-σ3 Heterohexamer and λ2 Pentamer

(A) Space-filling model of the �1-σ3.S heterohexamer viewed from the direction of the surface that contacts a �1-σ3.Q heterohexamer. Three
σ3 subunits (blue) sit atop the intertwined red, green, and gray �1 subunits in the S heterohexamer. White highlights those residues in �1 and
σ3 that contact �1 subunits in the Q heterohexamer. Orange highlights those residues in σ3 that contact σ3 subunits in the Q heterohexamer.
Magenta highlights those residues at the bottom of �1 that contact σ2 subunits in the core (not shown).
(B) Same as shown in (A), but for a view of the �1-σ3.Q heterohexamer surface that contacts the �1-σ3.S heterohexamer. The color scheme
is identical to that in (A).
(C) Same as shown in (B), but for a view of the �1-σ3.Q heterohexamer surface that contacts the λ2 pentamer. White and purple highlight
those residues in �1 that contact λ2; white highlights residues that, on the other two faces of the Q heterohexamer, contact �1 subunits in
the R and S heterohexamers, whereas purple highlights residues that uniquely contact λ2. The remaining color scheme is the same as in (A).
The 50 Å scale bar applies to all panels.
trimer has no contacts with λ2, which means that in
one of its subunits, a side of the top domain covered
by contacts with an adjacent �1 subunit at other posi-
tions is uniquely exposed to solution. On the side of λ2,
the contacts with �1.Q involve residues in the guanyl-
yltransferase domain, the so-called scaffold or bridge
domain (Liemann et al., 2002; Reinisch et al., 2000), and
the C-terminal methyltransferase (methylase-2) domain
of one λ2 subunit and the N-terminal methyltransferase
(methylase-1) domain of a neighboring λ2 subunit (data
not shown).

The 200 �1 trimers sit atop 150 monomeric σ2 nod-
ules that decorate the core surface. The σ2 subunits
comprise three types: 60 surrounding the λ2 pentamers
(σ2.5f), 60 surrounding the icosahedral 3-fold axes (σ2.3f),
and 30 crossing the icosahedral 2-fold axes (σ2.2f)
(Reinisch et al., 2000). All contacts between �1 and σ2
occur across a narrow range of particle radii, 292–
301 Å, and involve the bottom surface of �1 and the
top surface of σ2 (Liemann et al., 2002; Reinisch et al.,
2000). Each �1 trimer contacts between one and three
σ2 nodules, and the buried surface per side of these
different interfaces varies from as little as 200 Å2 to as
large as 1650 Å2. With regard to these contacts, there
are five different types of �1 trimers: Q, R, T, and two
different types of S trimers (see Figure 2C). One subunit
in each Q trimer (one of the same subunits as contacts
λ2) weakly contacts a σ2.5f monomer; two subunits in
each R trimer, respectively, contact a σ2.5f and a σ2.3f
monomer; the three subunits in each T trimer make
identical contacts with the three σ2.3f monomers
around each 3-fold axis; and two subunits in each S
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rimer, respectively, contact a σ2.2f and a σ2.5f nodule
data not shown). The two different types of S trimer
re based on the fact that either end of a single σ2.2f
onomer contacts a different S trimer on either side of

he icosahedral 2-fold axis (Reinisch et al., 2000). The
lexibility of the 51–62 loops that “hang” from the base
f each �1 trimer (see Figure 6C) appears to be impor-
ant for optimizing contacts with the different σ2 sub-
nits that are made by that region in the Q, R, and S
rimers. However, in the R and S trimers, a number of
esidues outside the 51–62 loops also contact σ2. The
2 contacts made by the T trimers do not involve these

oops. As at the �1 trimer-trimer and �1-λ2 interfaces,
ost of the contacting residues at the �1-σ2 interfaces

re polar. The set of residues in σ2 that is contacted by
ach type of �1 trimer is largely distinctive.

onclusions
he results of this study extend our model of the reovi-
us outer capsid and suggest new hypotheses about
he mechanisms of outer capsid assembly and stability
nd the roles of �1 in cell entry. Each �1 trimer partici-
ates in multiple contacts with adjacent �1 trimers and
2 subunits, as well as with λ2 subunits in the case of
he �1.Q trimer, which not only stabilize the outer cap-
id but also constrain the conformational rearrange-
ents that accompany cell entry. The high activation

nergy associated with these rearrangements (Middle-
on et al., 2002) is consistent with there being such a
arge number of broken contacts. By altering these in-
ersubunit interactions through selective mutation of
pecific residues in �1 or the other proteins, we should
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gain a better understanding of how and where the con-
formational changes are initiated and propagated.

A remaining question is how the virion- and ISVP-
associated �1 layer inhibits mRNA synthesis by those
particles (Chandran et al., 1999; Farsetta et al., 2000;
Luongo et al., 2002), despite the fact that λ1, λ2, and
σ2 intervene between �1 and the internal transcriptase
components λ3 (the RdRp) and �2 (Dryden et al., 1998;
Zhang et al., 2003). Considering that �1 contacts only
λ2 and σ2 within the core, the question is then how
�1 transmits signals to the transcriptase complex first
through one or both of those proteins, and then through
the λ1 shell. We hypothesize that �1 represses the
transcriptase complex through a series of signal-trans-
ducing interactions among the core proteins, with
structural displacements of only a few Å—beyond the
resolution of current results—providing the major ef-
fects.

Experimental Procedures

Purified Virions
Reovirus T3D virions were grown in spinner-adapted mouse L929
cells and purified from sonicated cell lysates by extraction with
trichlorotrifluoroethane (Fisher) and equilibrium ultracentrifugation
in CsCl (ICN Biomedicals) density gradients according to standard
procedures (Furlong et al., 1988). The virus stock was one originally
obtained from B.N. Fields.

Refinement of Reovirus Virion Reconstruction
beyond 7.6 Å Resolution
A reconstruction of the reovirus T3D virion at 7.6 Å resolution and
the same set of particle images as used to compute it (Zhang et
al., 2003) were newly used to initiate refinement at higher resolu-
tions, and no images were eliminated during the course of this pro-
cedure. For refining particle orientations and origins, we developed
a new model-based parallel algorithm that is less sensitive to noise
caused by experimental errors than are the algorithms used pre-
viously. The new algorithm, which has an added benefit of accom-
modating analysis of particles of any symmetry, has been imple-
mented in the program PO2R (Parallel Orientation and Origin
Refinement), written in C and FORTRAN (Ji et al., 2005). Briefly, this
program computes a two-dimensional (2D) discrete Fourier trans-
form (DFT) of each particle image, applies a correction for the ef-
fects of the microscope contrast-transfer function, and compares
the corrected 2D DFT with a series of neighboring central sections
of the 3D DFT of the particle reconstruction. The central sections
were chosen such that their orientations spanned our best current
estimate of the particle’s orientation. A “discrepancy distance”
metric was used to define how well the 2D DFT of an image corre-
lated with each calculated section of the 3D DFT. Hence, the central
section that most closely matched the 2D DFT of the experimental
image specified the refined orientation. Each cycle of refinement
began with a coarse (1°) search of all three angles that define the
orientation and centered about the current best estimate of the
orientation. This was followed by finer (0.1°) and finer (0.01°) search
intervals, with each search centered about the more precise orien-
tation obtained in the preceding step. At the end of each cycle
of orientation refinement, the centers of the particle images were
similarly refined, with step sizes ranging from 1 to 0.01 pixels (2.2–
0.022 Å in the specimen). A total of w100 cycles of orientation/
origin refinement was used to extend the resolution of the virion
reconstruction from the previous 7.6 Å to the current 7.0 Å.

For computing the 3D reconstruction from the selected particle
images, we have developed a family of parallel algorithms that op-
erate within a Cartesian rather than a cylindrical coordinate system.
As a result, Fourier coefficients of the 3D DFT are determined at
the points of a cubic lattice (Lynch et al., 1999), and molecules of
any symmetry can be handled in a straightforward manner (Mar-
inescu et al., 2001). The algorithms, implemented in the program
P3DR (Parallel 3D Reconstruction), comprise several stages of
computation including initialization, 2D Fourier analysis, estimating
the 3D coefficients of the DFT by interpolation, contrast transfer
function correction, and 3D Fourier synthesis. The final virion re-
construction was computed to a resolution limit of 6.5 Å, by using
an inverse temperature factor of 1/400 Å2 to enhance the high-
resolution features out to 7.0 Å (Havelka et al., 1995), after which
the inverse factor was held constant and a Gaussian function was
applied to smoothly attenuate the Fourier data to zero from 7.0–
6.5 Å.

The PO2R and P3DR programs were designed for clusters of
workstations and parallel computers. For this study, the programs
were run on a 44-node Linux PC cluster with each node consisting
of two 2.4-GHz Pentium 4 processors and a shared memory of 3
GB (132 GB in total). Each cycle of refinement required w14 hr.

Resolution decreased across the higher particle radii spanned by
surface protein σ3 (data not shown), possibly because, at pro-
gressively higher radii, σ3 is embedded in a higher proportion of
solvent, which contributes mainly noise to the reconstructed map.
The upper parts of σ3 may also have greater flexibility, which would
further decrease their resolution in the map. Resolution also de-
creased across the lower radii spanned by the viral RdRp λ3 (Tao
et al., 2002; Zhang et al., 2003) and the dsRNA genome segments
(data not shown), most likely due to the increasing fraction of non-
icosahedrally ordered density contributed by the genome at pro-
gressively lower radii. Moreover, resolution in cryo-EM density
maps of icosahedral particles is known to diminish as a function of
decreasing radius because of noise that persists along and near
the symmetry axes, all of which converge at the particle center.

Averaging of Quasiequivalent �1-�3 Heterohexamers
Densities for the R, S, and T heterohexamers were averaged to-
gether, first by translating the R and S heterohexamers to the icosa-
hedral 3-fold axis position occupied by the T heterohexamer. Two
initial matrices for producing these transformations were calcu-
lated from the atomic model of the virion by using the programs
Lsq_explicit and Lsq_improve, which are part of the O package
(http://xray.bmc.uu.se/walwyn). For each matrix, the refined coor-
dinates of only one �1 subunit from each of the R and S hetero-
hexamers were used. The program IMP of the Uppsala software
package (Kleywegt and Read, 1997) was then used with the experi-
mental cryo-EM densities for each of the R, S, and T �1 trimers to
obtain a refined pair of matrices. The program MAMA (Kleywegt
and Jones, 1999) was used to generate a density mask (extended
radius of 6 Å) for each �1 trimer that is required by the IMP pro-
gram. We next translated and rotated the densities for the R and S
heterohexamers into the position of the T heterohexamer as speci-
fied by the matrices refined by IMP. Lastly, the R and S heterohex-
amer densities were subjected to 3-fold rotational averaging, and
the resulting R, S, and T heterohexamer densities were summed to
produce the final, averaged map. Each identical monomer within
the resulting heterohexamer represents an average of seven unique
subunits from the asymmetric unit of the reovirus outer capsid.
Density for the σ3 subunit was automatically averaged during this
procedure since each unique σ3 is paired with a unique �1 in the
different heterohexamers. Qualitative inspection of the resulting
heterohexamer average indicates that the σ3 density is well re-
solved, providing evidence that �1-σ3 interactions in the different
unique �1-σ3 pairs are nearly identical and that the same averaging
procedure is therefore valid for both �1 and σ3.

To obtain an estimate of the final resolution of the �1 subunit in
the averaged heterohexamer, the averaging procedure was per-
formed on two independent virion maps. Each independent �1
average was then extracted within a cube of dimension 60 pixels
(133 Å), and the densities outside a sphere of 48 pixel (107 Å) diam-
eter were multiplied with a cosine-like function to attenuate them
smoothly to zero. Resolution was then determined in the standard
manner by computing and comparing the Fourier transforms of the
two cubes of density via Fourier shell crosscorrelation (Baker et al.,
1999). The final averaged map of �1 was computed to a resolution
limit of 6.0 Å, by using an inverse temperature factor of 1/350 Å2 to
enhance the high-resolution features out to 6.4 Å, after which the
inverse factor was held constant and a Gaussian function was ap-
plied to smoothly attenuate the Fourier data to zero from 6.4–6.0 Å.

http://xray.bmc.uu.se/~alwyn
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Fitting of X-Ray Models into the Virion Reconstruction
and �1-�3 Heterohexamer Average
X-ray crystal models of the �1-σ3 heterohexamer (PDB entry
1JMU); λ1, σ2, and λ2 subunits within the core particle (PDB entry
1EJ6); and λ3 monomer (PDB entry 1N35) (Liemann et al., 2002;
Reinisch et al., 2000; Tao et al., 2002) were fitted into the virion
reconstruction. For the 7.6 Å data, the fitting process was carried
out with the programs EMfit (Rossmann et al., 2001) and SITUS
(Chacón and Wriggers, 2002) as described (Zhang et al., 2003). The
results of this earlier fitting formed the starting point for individually
refining the fits of 27 subunits—two λ1, three σ2, one λ2, one λ3,
ten �1, and ten σ3—into the 7.0 Å map by using the program Colo-
res of the SITUS package (Chacón and Wriggers, 2002). The densi-
ties for each subunit, plus all densities within 20 Å of the subunit,
were first extracted by using the program Mapmask in the CCP4
package (CCP4, 1994). Colores was then executed with the search
ranges of three Euler angles confined to a 12° window (angular
step size of 0.25°) and with the translational search performed at a
step size of 0.25 pixels (0.55 Å). The same procedures were used
to refine the fits of the �1 and σ3 subunits into the averaged hetero-
hexamer map.

Contact Residues and Buried Surfaces
Residues in contact (4.0 Å threshold) between subunits were iden-
tified in the new atomic model of the virion by using the program
CNS (Brünger et al., 1998). The program VIPER (Reddy et al., 2001)
was used to estimate the buried surface area between pairs of
subunits in the atomic model.
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